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In the Foreword to the Proceedings of the Fifth National Passive Solar Conference, John Hayes and | 
characterized that event as symbolic of passive solar’s “coming of age.” We spoke of the field ripening, 
maturing, and throwing off the trappings of awkward adolescence. Conference organizers conveyed with a 
high degree of success their two-pronged message: “Passive solar works and passive solar sells.” 


The quickly approaching reality of mass marketability and widespread consumer acceptance represents a 
significant advancement for passive/hybrid technology — an advancement built on the foundation created in 
the laboratory; on the test site; and during hours spent with calculator, computer, and the creative senses. 
Passive/hybrid buildings that work evolve from tested designs, credible performance results, accurate design 


methods, and a thorough understanding of the use and control of thermal processes. Passive/hybrid 
buildings that se// do so only as a result of an intimate understanding of the marketplace; a keen perspective 
on the consumer/client decisionmaking process; and a judicious mix of aesthetics, economics, and concern 


for human comfort. 


Passive Solar Journal emerges to enrich and support the continuing development of the research base on 
which well-built, well-operating, beautiful passive buildings must rely. It is a welcome component to the 
arena that provides design professionals with proven concepts and accurate performance data, builders with 
reliable facts on materials capabilities and use, and developers and marketers with an awareness of passive/ 
hybrid consumer attitudes and motivations. 


Passive Solar Journal carries with it three messages: One, that passive/hybrid research has developed a 
distinct identity and need no longer be tucked under the arm of a related discipline. Thus, it should boast a 
distinct vehicle for communications among its own. Second, that the quality of passive research and 
development today falls nowhere short of the quality of scientific effort in other fields, and a journal of 
corresponding rigor and thoroughness is deserved. Third, that the passive/hybrid discipline melds 
understandings of science as well as aesthetics, and the journal representing it must be pleasing to both sides 


of the brain. 


As is often the case, the paper you hold in your hand far from adequately represents the human effort that 
preceded it. Passive Solar Journal arose to fill a need identified by private and public sectors individually 
and then met by those same players cooperatively. Nevertheless, while testimony to volunteer authors, 
advisors, reviewers, and the private or public organizations they represent, this Pilot Edition is but a first 
attempt. The continued development and honing of Passive Solar Journal rely on a prolific field, a 
supportive yet demanding readership, and an atmosphere in which research progress and results — 
regardless of their origins — are under constant scrutiny and pointed review. 


This publication was initiated by those in a position to do so, but it is designed to serve as your tool and as 
a representation of your efforts. Be generous with your feedback — it alone will shape the direction of 


Passive Solar Journal. 


Rachel Snyder 
Managing Editor/Pilot Edition 
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Statements of Intent 


| am delighted to welcome 
this first issue of Passive Solar 
Journal, since it has been with a 
good deal of personal and profes- 
sional satisfaction that | have 
watched this periodical take 
shape and then become a reality. 
My pleasure in this enterprise is 
twofold; first, that at last there is 
a vehicle for communicating 
valued findings to the entire 
research community; and second, 
that the journal, sponsored as it 
is by SERI, AS of ISES, and DOE, 
may well serve as a model for 
similar collaborative efforts 
between the public and Federal 
sectors. 

The Department’s Passive and 
Hybrid Solar Program has come 
a long way in the 4 years since 
its establishment. Dramatic in- 
creases in program funding since 
1977, industry involvement, and 
public interest have combined 
with rising costs to strengthen 
the Program’s commitment to 
accelerate the development 
and widespread use of passive 
and hybrid technology over the 
next 5 years. | look to the 
Passive Solar Journal to high- 
light some of the important 
research coming out of that 
program. 

Indeed, the Passive and Hybrid 
Solar Program’s successes are 
the successes of the Regional 
Solar Energy Centers, SERI, the 
national laboratories, and hun- 
dreds of individuals. | look 
forward to counting the Passive 
Solar Journal as one of these 
successes. 


Michael Maybaum, 

Acting Director, 

Passive and Hybrid Solar 
Buildings Division, 

U.S. Department of Energy 
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Passive research, develop- 
ment, and design is no longer an 
oddity undertaken by backyard 
inventors or innovative archi- 
tects. Today, passive R&D is 
serious business, performed by 
dedicated researchers and 
designers using all the scientific 
rigor that existing analysis and 
experimental methods will allow. 
Where only a few years ago pas- 
sive systems were not consid- 
ered a worthy design or research 
problem, we are now in the 
midst of a revival of interest in 
building climatology and build- 
ing physics. We have come to 
realize how little we actually 
know about how buildings pro- 
cess energy and about how we 
can reduce their energy con- 
sumption. 

The resurgence of research 
and development into passive 
design has necessitated estab- 
lishing a means of communica- 
ting results among the building 
energy research community and 
between researchers and design 
practitioners. For this reason, 
Passive Solar Journal exists. It 
is a publication dedicated to the 
rigorous and thoughtful presen- 
tation of significant results from 
completed and ongoing passive 
research and development. 
Although its audience is prima- 
rily those conducting research 
into passive systems, we hope 
that designers will be able to see 
the practical application of these 
research results to their building 
solutions. 

We encourage an open and 
frank discussion of the research 
presented within the journal and 
ask for your comments, recom- 
mendations, and contributions. 


Michael J. Holtz, Chief, 

Building Systems 

Development Branch, 

Solar Energy Research Institute 


January 1982 


We have argued almost end- 
lessly about the name of this 
new periodical, but we all under- 
stand its purposes. There have 
been growing needs for a refer- 
enced periodical since the 
emergence of an identifiable 
passive solar field in 1974-75 
and its culmination with the First 
National Passive Conference in 
Albuquerque in May 1976. 

As it has developed, “passive” 
has been an integrative subject, 
providing an energy ethic, a 
resource attitude, and a cultural 
goal that goes beyond good 
design. The persuasive idea has 
not been a changed lifestyle, but 
rather a comprehensive man- 
nature-life-work schema within 
which all human activity fits. All 
of us live in buildings, and all 
buildings are to some degree 
passive. Thus we all have expe- 
riential as well as experimental 
knowledge to bring to the pas- 
sive table. 

The success of the Passive 
Systems Division of AS of ISES 
in fielding successive intensive 
national passive conferences 
has provided the discipline with 
a series of proceedings, of 
instant literary cross-sections of 
the field. The shifting balances 
of passive interests and develop- 
ing maturity of the field as 
revealed in those proceedings 
underline the important dia- 
logues between research and 
applications and between pro- 
grams funded by public agencies 
and the productive activities of 
private enthusiasm. It is refresh- 
ing that this journal is a product 
of federal programs, national 
laboratories, a voluntary associa- 
tion, and some continuously 
independent performers. All 
share common goals. May we 
all thrive. 


Jeffrey Cook, Chairman, 
Passive Systems Division, 
American Section of the 
International Solar Energy 
Society, Inc. 





A Comparison of Ground and Above-Ground Climates 
for Identifying Appropriate Cooling Strategies” 


Kenneth Labs 


147 Livingston Street, New Haven, CT 06511 
and 


Keith Harrington 
P.O. Box 216, Fort Defiance, AZ 86504 


Abstract A mathematical model of undisturbed ground 
temperature is applied to the problem of assessing the 
value of earth tempering techniques in five regions of the 
contiguous United States. Synthesized ground 
temperature tables and comparative normal and design air 
temperatures are presented and briefly discussed with 
regard to the suitability of subgrade construction and 
earth-air heat exchangers. Emphasis is placed on 
evaluating earth tempering within the context of other 
passive cooling strategies, which are identified as to the 
percentage of annual hours that each is effective within the 
five study regions. It is concluded that ground cooling 
techniques are of greatest value in temperate and arid 
areas, and of limited benefit in warm, humid zones, where 
they may even be counterproductive by compromising 
natural ventilating capability. 





Introduction 


Interest in the cooling potential of the ground has 
expanded rapidly in the past two years. Unfortu- 
nately, there exists at this time little in the way of a 
ground temperature data base or methodology for 
making design decisions about earth tempering prac- 
tices. Although theory of ground climate is well doc- 
umented in the literature of such fields as geophysics 
and agronomy, little of this information has found its 
way into the hands of building designers and re- 
searchers. Asaresult, old myths continue to be prom- 
ulgated in the professional and popular press. For 
instance, a recent government-sponsored report on 
climate design guidelines for energy conserving 
homes refers to “taking advantage of the stable 
temperature conditions of approximately 56°F 
(13°C), below the frost line’”—conditions which cer- 


* This paper is based in part upon material from a forth- 
coming report, “A Regional Analysis of Ground and 
Above-Ground Climate for Evaluating the Suitability of 
Earth Tempering Practices in Architectural Design,” which 
is being prepared through sponsorship of the Oak Ridge 
National Laboratory for the U.S. Department of Energy. 
The report will be available from the Underground Space 
Center of the University of Minnesota, Minneapolis, MN 
55455. 
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tainly do not exist anywhere near central Florida, to 
which this recommendation was directed. 

This paper presents ground temperatures synthe- 
sized by an often validated theoretical model for five 
regions in the United States identified by the follow- 
ing major cities: Atlanta, Ga.; Dallas, Tex.; Houston, 
Tex.; Kansas City, Kans.;and Phoenix, Ariz. Although 
these represent undisturbed temperatures which 
would be elevated by the presence of some ground 
“coolth’-exploiting device, they offer a first attempt at 
identifying the locations of at least initially useful 
ground cooling potentials. 

With the belief that no climate control strategy 
should be considered in isolation from alternative or 
complementary practices, ground temperature data 
are presented here together with corresponding simul- 
taneous air temperature normals, ASHRAE design 
temperatures, and a bioclimatic analysis of appro- 
priate above-surface design strategies. 


Temperature Model 


In 1965, T. Kusuda and P.R. Achenbach [1] posited 
that periodic heat-conduction theory can be used to 
model annual ground temperature variation with 
accuracy sufficient for most building engineering 
purposes. An extensive review of earth temperature 
literature in geophysics, agronomy, and other disci- 
plines generally confirms this position and has pro- 
vided insights into the limitations of the Kusuda 
model as well [2]. Although data synthesized by the 
theoretical method have been widely published, they 
appear as seasonal average temperatures of a soil 
profile extending from the surface to a depth of 10 
ft (3m). This profile has been used for estimating 
the temperature of the earth surrounding fallout shel- 
ters [3], heat losses from buried steam lines [4], and 
as input for building load simulation models [5]. 

Heat-conduction theory is employed here for esti- 
mating instantaneous temperatures for a range of 
depths and for computing the average temperature of 
various subgrade profiles. The theory itself is deve- 
loped in numerous textbooks on heat conduction and 
environmental physics [6,7].I1naformin which timeis 
represented in days, the model may be written, 
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= temperature of soil at depth x and timet; 


= mean annual earth temperature (steady state temperature); 
amplitude of surface temperature wave; 

Euler’s number, approximately 2.71828 

depth below surface; 

thermal diffusivity of soil (area/day); 

time of year (days); and 

phase constant (days). 





An expression for the average temperature of any 
selected profile ranging from depth a to depth b is 
obtained by integrating Eq. 1 with respect to depth x 
and dividing the result by the height of the profile 
(b - a), 


__ 4s ee *cos [ (t- to- 46 - BAe) 
(b - a)ry/2 365 2 7T @ 
where 


upper bounds of soil profile; 
lower bounds of soil profile; and 
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365a 





Selection of Variables 


The theoretical model applies to a semi-infinite 
homogenous solid, the properties of which are con- 
stant over time, with a perfectly sinusoidal tempera- 
ture variation at the surface. None of these conditions 
are strictly met in soils, yet most observed ground 
temperature measurements agree remarkably well 
with theory. The major problem, therefore, is accu- 
rate estimation of the variables of the model, most of 
which will be unknown to the investigator at any 
given location. 

Criteria for selecting values for the variables and 
their ranges are discussed in detail in Ref. 2 and will 
not be treated at length here. The values chosen to __ Fig. 1. Assumed T,, values, redrawn from a map of observed 
generate the tables presented in this paper are given wellwater temperatures prepared by Doug Bacon, 


below, accompanied by brief explanations. National Water Well Association. (Temperature 
given in °F; °C = (°F - 32)/1.8). 





Ground temperature mean, T,,, 


A recently prepared isothermal map of wellwater The form of Eqs. 1 and 2 shows that every degree by 
temperatures has been obtained from the National which T,,,is misjudged results in a one-degree error in 
Water Well Association (Fig. 1). It was constructed ground temperature estimate, regardless of depth. 
from records of observed groundwater temperatures Assumed 7,, for each of the five cities discussed here 
in wells 50 to 150 ft (15 to 46 m) deep. This is believed is indicated on the tables for those cities. 
to be the best available regional index of steady-state : 
ground temperatures and is considered accurate Surface temperature amplitude, A, 
enough for selecting 7,,, for use in the mathematical All other things being equal, surface temperature 
model. For locations for which actual ground tempera- amplitude* increases with latitude; many other fac- 
ture records have been kept, the records have been tors complicate the relationship, however, so that no 
considered in verifying or adjusting values obtained ee ee 
from the map. * Maximum temperature minus mean temperature 
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simple regional generalizations can be made. The 
values selected here have been estimated from rec- 
ords of nearby stations, as reported by Kusuda [8] 
and others. For soils of average thermal diffusivity, a 
difference of two degrees in amplitude at the surface 
creates a difference of one degree amplitude at a 
depth of 6 ft (1.8 m); therefore, a reasonable approxi- 
mation of A, is considered adequate. 


Thermal diffusivity, a 


Thermal diffusivity (thermal conductivity/heat capa- 
city) is the most difficult parameter to determine in 
the ground temperature model because it varies with 
soil type, depth, moisture content, and, consequently, 
with time. Use of acarefully chosen constant a does, 
however, produce good agreement between predicted 
temperatures and field observations. 

Analysis of observed ground temperature records 
by applying aleast squares technique to Eq. 1 yielded 
thermal diffusivity values ranging from approximately 
0.25 to 0.85 ft?/day (0.023 - 0.079 m?/day) [8]. The 
arithmetic average of 71 of these computed values is 
0.508 ft?/day (0.047 m?/day). The authors performed 
cluster analysis to select average values from three 
groupings intended to represent soils of low, medium, 
and high thermal diffusivity. The results obtained 
were 0.33, 0.53, and 0.75 ft?/day (0.031, 0.049, and 
0.070 m?2/day). According to ASHRAE’s characteriza- 
tions [3], 0.26 ft?/day corresponds to a light, dry soil; 
0.6 ft?/day to a heavy, damp soil; and 0.79 ft?/day to 
dense concrete. 

Givoni [9] has used a graphic technique to analyze 
the attenuation of measured temperature amplitudes 
with depth. He reports that an envelope bounding the 
observed data is described by the expression 


As 
Ax 





= @ 0-32x (3) 


for “humid” locations (Minnesota; Washington, D.C.; 
Kentucky), and by 





for “dry” locations (Texas, Israel, Egypt), where x 
here is given in meters. In the English system, Eqs. 3 
and 4 correspond to thermal diffusivity values of 0.4 
and 0.9 ft?/day, respectively. One would expect lower 
a in arid regions and higher a in soils of higher 
moisture content; however, since a can also be 
expected to vary locally with soil type, topography, 
and other factors, such a simple generalization can- 
not be used to predict regional distribution of thermal 
diffusivity. Aconstant a of 0.52 ft?/day (0.048 m?/day) 
has, therefore, been applied to all regions except 
Phoenix. Since Dallas and Phoenix share the same 
T, and A, values, a lower a of 0.33 ft?/day (0.031 
m?/day) was assigned to Phoenix to allow compari- 
son between the two locations. 


Phase constant, to 


The delay in phase of the ground temperature wave 
with respect to air temperature is largely responsible 
for the usefulness of the ground for cooling. Theory 
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indicates that the minimum surface temperature 
should occur 1/8 cycle after minimum surface heat 
flux, on December 21 (in the absence of snow cover 
and latent heat exchanges). That is, December 21 + 
45 days equals the 35th day of the calendar year. 
Although a sampling of stations analyzed by Kusuda 
exhibits an average phase constant of almost 35 days, 
individual stations may vary by 10 days or more to 
either side of the average. Moreover, plotting the pre- 
dicted temperatures against observations sometimes 
shows a discrepancy of several weeks, with the 
observed ground temperature wave usually preced- 
ing the predicted wave (i.e., t, < 35). 

Large departures in ft. from the assumed norm of 35 
days used in the tables are likely to be responsible for 
the greatest errors that can occur in using the 
theoretical model. Such fluctuations are especially 
important in comparing temperature events in the 
ground to long-term air temperature normals as an 
indication of relative benefit of above- and below- 
grade climatic conditions at any fixed time. It is 
recommended that users of the tables graphically 
plot the predicted temperatures and shift the t = 35 
curve forward and backward in time so as to examine 
the possible range of ground temperatures resulting 
from conditions other than t, = 35 (see Fig. 2). 
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Fig. 2. Monthly averages of observed ground temperatures 
at the 4-ft (1.2-m) depth in Manhattan, Kans., are 
compared to predicted temperatures (Table 4) in 
the Kansas City vicinity, using t. = 35. The relatively 
large difference between the curves is corrected by 
shifting the phase of the predicted temperatures by 
2% weeks, so that t, = 18 days. Agreement is then 
within 3°F (1.726°C) for the entire year. 


To) 


Earth Tempering as a 
Cooling Strategy 


Earth cooling is one of 16 hypothetical climate 
control strategies, of which eight are identified for 
overheated conditions (Fig.3). Not all of these strate- 
gies are practicable, so the total list reduces to eight, 
seven of which are applicable to overheated condi- 
tions. Of the seven, three are strategies to minimize 
heat gain, and only four can be regarded as “cooling” 
in the sense of disposing of heat already present. 

Givoni [10,11] has proposed a procedure whereby 
weather data can be analyzed to assess the relative 
appropriateness of ventilation, thermal mass, and 
evaporative cooling and the number of comfort hours 
when only shading is necessary (Fig. 4). Although 
soil temperatures cannot be analyzed directly by the 
Givoni method, the percentage of annual hours that 
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Fig. 3. Earth cooling is one of 16 hypothetical climate 
control strategies, or one of 7 usable strategies for 
overheated periods. Some combinations of 
strategies are mutually beneficial while other 
combinations may act against one another. 





synthesized ground temperatures or profile tempera- 
tures fall below, within, or above comfort limits can 
easily be counted and evaluated in parallel with the 
hours of effectiveness of other strategies. The simul- 
taneous conditions presented in the tables then offer 
a way to assess whether ground cooling potential 
occurs at a useful time. 

In using undisturbed ground temperatures for eval- 
uation, it must be recognized that the soil surround- 


Minimize conduction: 1-5, 9-11, 15 - 17 
Minimize infiltration: 1-5, 15 - 17 
Promote solar gain: 1-5 

Promote ventilation: 9 - 11 

Promote evaporative cooling: 6b, 11, 13, 14 
Promote radiant cooling: 10 - 13 
Dehumidification: 8, 15 

Humidification (and heating): 6 

Major heating total: 1-5 

Comfort (shading required): 7 

Cooling total: 9 - 17 

Beyond passive capability: 8, 15 - 17 
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Fig. 4. 


ing a building or a device that exchanges heat with 
the ground will increase in temperature above pre- 
dicted undisturbed levels. The temperatures given 
here, therefore, represent initial conditions and, as 
such, the lower limits of temperatures in the ground. 
Thus, if ground temperatures appear to be of margi- 
nal value for heat absorption in their undisturbed 
state, they are certain to be of no value for building 
cooling. 

Earth tempering may be understood to include 
recessed placement and berming (“earth shelter- 
ing’), the use of earth-air heat exchangers (“earth 
pipes”), and sod roofs. The desirability of sod roofs is 
indicated in part through the appropriateness of 
thermal mass as a control strategy in the Givoni 
scheme. Not accounted for here is the evaporative 
cooling effect of a well-watered ground cover, which 
alone typically dissipates 75 percent or more of net 
solar radiation during summer months. 

In application, earth sheltering practices usually 
complement or conflict with other climate control 
strategies. Past and present uses of cooling tunnels 
and shafts in the ground with evaporative sprays are 
well documented, as are fountains and water walls in 
courtyards, which may be recessed to serve as catch 
basins to collect cool, downward-draining nighttime 
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The appropriateness of cooling strategies has been evaluated by plotting weather data on a modified version of 


Givoni's Building Bioclimatic Chart. Note that the cooling strategies overlap, so that the total hours of applicability 


of all of these exceed 100 percent (temperature given in °F;°C = 
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air [12]. Unfortunately, the earth-sheltered houses 
constructed in the past two years appear to have been 
designed with little regard for ventilation. Eager 
builders seem to have been willingly seduced by a 
belief that we have but to snuggle into Mother Earth 
to avert the often bewildering complexities of climate- 
responsive design. Like all design, earth tempering 
requires an integrated approach, one which is able to 
exploit the best of both surface and subsurface cli- 
mates. This can be achieved only through study of 
simultaneous above- and below-ground conditions. 


Presentation and Discussion of Data 


Synthesized ground temperatures for five regions 
are presented in Tables 1-5, together with simultane- 
ous surface temperature normals and ASHRAE design 
temperatures [13]. Also presented by region are the 
results of the building bioclimatic analysis of appro- 
priate cooling strategies, in terms of the percentage 
of hours of the year that each is effective. The percent- 
age of hours of the year in which undisturbed soil 
profile temperatures fall in the ranges of less than 
68°F (20°C), between 68° and 78°F (20° and 26°C), 
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and in excess of 78° F (26°C) are included here to 
relate earth sheltering to the other cooling strategies. 

Each reader will interpret the data presented here 
in different ways, depending upon individual areas of 
interest and working needs. A detailed discussion of 
the results is not, therefore, considered necessary, * 
although some remarks are warranted. 


Southern coastal zones 


The Gulf Coastal Region is characterized by such 
high ground temperatures that even a fully subgrade 
wallis expected to experience profile temperatures in 
the 80s (°F) from the end of July through November. 
During October and November, profile temperatures 
exceed not only comfort limits but normal daily air 
temperature maxima as well. In Houston, ventilation 
is the only important passive cooling strategy; it is 





* Discussion of the comparative data given here is contained 
in a larger report, “A Regional Analysis of Ground and 
Above-Ground Climate for Evaluating the Suitability of 
Earth Tempering Practices in Architectural Design,” upon 
which this paper is based. 
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required for more than 95 percent of the entire over- 
heated period, or 54.4 percent of annual hours. Con- 
sidering that the temperature of a 2- to 12-ft (0.6- to 
3.6-m) profile exceeds 78° F (26°C) for 36 percent of 
the year and never falls below 68°F, (20°C), there 
seems to be little to recommend earth sheltering in 
Southern coastal zones. Design emphasis should be 
placed on optimizing ventilation effectiveness. 


Humid and arid southern inland zones 


Although isolated from the coast by 260 miles, (418 
km), Dallas experiences humidity levels high enough 
to make ventilation its single most important cooling 
strategy. Ventilation is normally effective for 67.4 
percent of the total overheated period, and it is the 
only means of comfort control for 11 percent of total 
overheated hours. While evaporation is effective for 
9.2 percent of the cooling period, most of these hours 
overlap with ventilation hours; thus, given adequate 
ventilation, evaporative cooling is not a significant 
control strategy. Only thermal mass offers significant 
additional value, being effective for 15.6 percent of 
the overheated period and uniquely effective for 4.2 
percent of the cooling period. 
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A shallow bermed or basement space [0- to 6-ft 
(O- to 1.8-m) profile] will experience ground tempera- 
tures exceeding comfort limits for 27 percent of the 
year, including the most overheated months of the 
year, July and August. The average undisturbed 
temperature of a deep profile [2 to 12 ft (0.6-3.6m)] 
escapes temperatures above 78°F (26°C), although 
this limit is reached in September. For this same pro- 
file, 58 percent of annual hours are spent between 68° 
to 78°F (20° - 26°C). While undisturbed tempera- 
tures do not constitute a source of heat gain, neither 
do they offer a useful sink for an overheated interior 
space. Given the low cooling ability of the earth in 
such warm, mildly humid climates, it can be con- 
cluded that ventilating ability should be optimized. 
Moreover, if earth sheltered design compromises free 
ventilation, its overall effect can be counterproduc- 
tive. Because fan-forced and passive-induced forms 
of ventilation and ground temperature modification 
techniques could override this conclusion, eafth 
sheltering here seems to be of marginal value. 

As in Dallas, ventilation is the most important cool- 
ing strategy in Atlanta. Proper ventilation can provide 
adequate cooling for 82 percent of overheated hours, 
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and it is uniquely capable (among surface strategies) 
of attaining comfort conditions for 35 percent of 
overheated hours. Although neither deep nor shallow 
ground profiles exceed 78°F (26°C), their tempera- 
tures are not low enough to absorb significant 
amounts of heat from the interior. Given relatively 
high humidity levels, condensation could be a prob- 
lem with subgrade walls and earth pipes. 


The overwhelming effectiveness of ventilation. 


clearly makes it the optimal design strategy in Atlanta. 
Earth tempering may be viewed as marginal in its 
applicability and, if achieved at the expense of reduc- 
ing ventilating capability, it may be counter- 
productive. 

Ground temperatures in the Phoenix area are very 
similar to those of Dallas. Although, for the sake of 
argument, a thermal diffusivity value of 0.33 ft?/day 
(0.03 m?/day) has been used in generating the Phoe- 
nix temperature table, the results are not markedly 
different from those when a equals 0.52 ft?/day (0.048 
m?/day). Accordingly, the comments on the Dallas 
ground climate apply in Phoenix as well. The priori- 
ties of above-surface cooling strategies are quite dif- 
ferent, however, so the usefulness of the ground can 
be viewed in a different light. Thermal mass and eva- 
porative cooling, for instance, are favored for 77 per- 
cent and 83 percent of the overheated period. Ventila- 
tion is relatively unimportant; comfort conditions are 
attainable for 38 percent of overheated hours, only 5 
percent of which are uniquely met by ventilation. 
Since earth tempering techniques are not incompati- 
ble with thermal mass and evaporative cooling strate- 
gies, the milder climate of the ground can be ex- 
ploited without compromising other desirable design 
devices. Given this fact and the extreme temperature 
conditions prevalent throughout the Southwest, earth 
tempering should be a useful climate control agent 
here, especially if it is used to enhance other control 
strategies. 


Midwestern region 


Kansas City has an overheated period of 17.9 per- 
cent of annual hours. Its most important traditional 
cooling strategies are ventilation and thermal mass, 
which are normally able to meet comfort require- 
ments for 78.7 and 58.1 percent of the overheated 
hours of the year, respectively. Since ventilation isan 
exclusive climate control strategy for 30 percent of 
the overheated period, its role is significant. 

The earth remains relatively cool throughout the 
summer; deep profile temperatures range 15° to 20°F 
(8° - 11°C) below the daily air temperature aver- 
age during July and August, and not until October 
does the 2- to 12-ft (0.6- to 3.6-m) profile average rise 
above the air temperature average. During these 
months also, undisturbed temperatures at the rela- 
tively shallow depth of 4 ft (1.2 m) fall about 20°F 
(11°C) below daily maxima. The deep profile average 
temperature never exceeds 65°F (18°C) and the 
shallow [0- to 6-ft. (0- to 18-m)] profile average rises 
above 68°F (20°C) for only 24 percent of the year. 

Earth tempering offers valuable cooling potential 
in the Kansas City region, even though ventilation, 
mass, and evaporative cooling are theoretically able 
to meet normal comfort needs. Detailed analyses of 
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individual buildings would be of interest to determine 
the self-sufficiency of earth cooling practices in this 
area. 


Conclusion 


The data presented here offer a way to assess the 
usefulness of earth tempering practices for cooling in 
a variety of regions. Although subgrade construction 
and the use of earth pipes and other devices show 
some merit in almost all regions, their value is fre- 
quently eclipsed in warm, humid areas by the need 
for maximum ventilation and by the likelihood of 
condensation. The value of earth cooling seems to be 
greatest in the more temperate parts of the country, 
where the carryover of winter cold is proportionately 
better able to satisfy less demanding summer cooling 
requirements. 

The discussion presented here is not intended to 
be conclusive, in that numerous methods can lower 
and alter the phase of ground temperatures. The 
desirability of temperature modification techniques 
can be deduced from the ambient conditions pre- 
dicted by the tables. An excellent review of several 
ground temperature depression practices is con- 
tained in Ref. 9. Insulation practices to enhance 
summer cooling in northern zones are discussed in 
Ref. 14, and fundamentals of ground climate and 
some control opportunities are described in Ref. 2. 

A complete set of bioclimatic and ground tempera- 
ture data for 29 locations in the United States 
appears in the project report, and summary data 
for 28 locations are published in Ref. 15. Design 
implications of the data are described in Ref. 16. 

The final realization of cooling benefits from the 
ground will always be a matter of effective design. Itis 
hoped that the data presented here contribute toward 
that end. 
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Abstract The use of transparent and opaque louvers with 


thermal storage is described and investigated for passive 
thermal control and improved storage wall performance. 
The results of both experimental and_ analytical 
investigations provide information pertaining to the quality 
and quantity of thermal control and improved storage wall 
performance. 


Introduction 


Once a passive building is constructed, its thermal 
behavior is controlled by its environment. In general, 
passive buildings are designed and sized to perform 
optimally for average design days. Weather condi- 
tions different from the average value result in larger 
or smaller loads and lower or higher room tempera- 
tures. Depending on the building design and the 
magnitude of the weather fluctuations, the room 
temperature variations can be larger than 10°C. The 
problem of temperature fluctuation is aggravated by 
the fact that in many passive designs (direct gain/ 
single-zone, direct gain/two-zone, and attached green- 
house), the high temperatures occur during the day, 
when solar radiation is present in the room. Since 
human comfort is a function of air temperature, mean 
radiant temperature, and solar radiation, the pres- 
ence of solar and thermal radiation requires a de- 
crease in air temperature to maintain the same 
comfort level. . 

Thermal control is essential in passive solar build- 
ings. There are few suitable and convenient methods 
available to control the temperature in passive build- 
ings on an hourly or daily basis that do not use auxil- 
iary heat from conventional sources (e.g., electric 
heaters, gas furnaces). One approach to thermal con- 
trol in a passive solar building is to regulate the 
release of thermal energy from mass walls used for 
thermal storage. The use of a radiation and free con- 
vection shield (RFS) with any mass wall used mainly 
for thermal storage is one means of thermal control 
[1]. An RFS decreases heat flow into the room by 
reducing both thermal radiation and free convection 
from the storage wall surface to the room. When more 
heat is needed to maintain the desired room tempera- 
ture, the RFS is removed or opened, partially or 
totally, depending on the amount of heat needed. 


te 


In addition to providing thermal control, an RFS 
can improve the thermal performance of masonry 
and water storage walls by increasing the impedance 
of heat transfer from the storage wall to the room 
during charging (periods of incoming solar radia- 
tion). Furthermore, the use of an RFS can improve the 
thermal performance of multizone passive designs. 
Although free convection can passively transfer energy 
from the south to north zone [2], this method is 
inadequate in many situations because of the small 
heat capacitance of air together with general difficul- 
ties in controlling and ensuring free convection pat- 
terns. An RFS used with a transfer wall [3] or water 
wall can significantly increase interzonal heat transfer 
by conduction through the storage wall separating 
the two zones. 


Description 


Louvers or sliding panels, parallel and adjacent to 
a storage wall but notin contact with it, are two forms 
of an RFS. Only louvers have been studied in this 
investigation. In a passive design, transparent lou- 
vers (transparent to solar radiation but opaque to 
thermal radiation) would be positioned adjacent to 
the south surface of the storage wall for direct 
gain/single-zone and direct gain/two-zone systems 
(Figs. 1a and 1b). Opaque (opaque to both solar and 
thermal radiation) or transparent louvers might be 
used on the north side of the storage wall for direct 
gain/two-zone and indirect gain/single-zone systems 
(Figs. 1b and 1c). Transparent (glass) louvers adja- 
cent to the south surface, in the opened or closed 
position, would transmit solar radiation to the storage 
wall. The solar radiation would be absorbed by the 
storage wall and converted into thermal energy. 
When closed during charging (periods of incident 
solar radiation), transparent or opaque louvers would 
impede heat transfer (thermal radiation and free con- 
vection) from the storage wall to the room, allowing 
more energy to be stored for all systems shown in 
Fig. 1. Agraduated increase in heat transfer could be 
achieved by partly opening the louvers. For the direct 
gain/two-zone design with a water or transfer wall 
[3], increased interzonal heat transfer could be ob- 
tained during charging by closing the transparent 
louvers on the south surface and opening the opaque 
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Fig. 1. Schematic illustration demonstrating the use of a 
radiation and free convection shield (louvers) to 
provide thermal control and improved storage wall 
performance for various passive building systems. 


_ louvers on the north surface. Selective heating for the 
north or south rooms could be achieved simply by 
opening the louvers in the respective rooms. 

In principle, the use of transparent and opaque 
louvers could provide temporal control of thermal 
energy discharged to the room, directional control of 
thermal energy discharged, graduated control over 
the rate of thermal energy discharged from the stor- 
age wall, improved interzonal heat transfer, and 
increased stored energy (in storage wall) per unit of 
incident energy. 

In this investigation, we tested glass louvers in the 
indirect gain/single-zone system and demonstrated 
that glass louvers do impede heat transfer to the air 
space (room) when they are closed. A reduction in 
room temperature fluctuation caused by opening and 
closing glass louvers was demonstrated. Further- 
more, we showed that during charging, closed lou- 
vers increase the amount of energy stored in the 
storage wall (per unit of incident energy). Various combina- 
tions of opening and closing louvers demonstrate the 
versatility provided by this method for temporal con- 
trol of the room air temperature in periods of large 
and small thermal loads. 


Materials and Methods 


To test the use of louvers for thermal control, we 
constructed two identical test boxes, one experimen- 
tal and one control. The inner dimensions of the test 
Vol. 1, No. 1 
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Fig. 2. Test boxes with south-facing panels open. 


boxes are0.91mx0.91mx0.91 m (3 ftx3 ft x3 ft) and 
they have hinged panels on the front (south) and 
back (north) sides (Figs. 2 and 3). During the day, the 
panels are lowered to allow solar radiation into the 
boxes from the south side and heat loss from an 
aluminum plate on the north side. The panels are 
closed at night. Polyurethane insulation (R-16) cov- 
ers the outside of the boxes. A 9.2-cm (3.6-in.) thick 
concrete brick wall is located inside the boxes in one 
of three positions, depending on which system is 
being tested (direct gain/single-zone, direct gain/ 
two-zone, indirect gain/single-zone). For the present 
study, the wall was positioned for an indirect gain/sin- 
gle-zone system (Figs. 1c and 3a). 

Glass louvers are positioned adjacent to the north 
surface of the storage wall in both test boxes (Fig. 3b). 
The louvers were opened and closed in one test box 
only. Each test box is instrumented with 16 type-T 
thermocouples, the location of which depends on the 
test being conducted. 

Four types of tests were conducted: (1) tests to 
determine and compare the thermal behavior of the 
test boxes without louvers and with open louvers; (2) 
tests to determine the total load of the test boxes; (3) 
comprehensive tests and numerical analyses to deter- 
mine the added thermal control and improved ther- 
mal performance provided by the use of glass lou- 
vers; and (4) tests of various louver opening and 
closing combinations to demonstrate the versatility 
of the louvers for temporal control of room air 
temperature. The temperatures were averaged and 
recorded on a Kaye digistrip || datalogger every 15 
min during the day and every hour during the night. 
Although the thermocouple locations varied some- 
what in the different tests, some measurements were 
common: room air temperature, ambient air tempera- 
ture, storage wall temperatures, and wall tempera- 
tures of the test box. The room air temperature and 
ambient air temperature measurements were made 
with a thermocouple embedded in a radiation shield 
constructed so that the thermocouple is exposed to 
the air but not to the radiation environment. The 
thermocouples measuring ambient temperature were 
located behind the boxes so that they were shaded 
from direct solar radiation. The storage wall tempera- 
tures were measured by thermocouples on the sur- 
face of the wall and embedded in the wall. To calcu- 
late the average storage wall temperature, a poly- 
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Fig. 3a. A plan-view of the test boxes. 


nomial curve was fit to the temperature distribution 
through the storage wall; the temperature was then 
numerically integrated from surface to surface and 
divided by the thickness of the wall. 

The added thermal control and the improved ther- 
mal performance provided by the glass louvers was 
determined by conducting comprehensive tests and 
numerical thermal analyses to define the detailed 
thermal behavior of the test boxes and the heat 
transfer paths within the test boxes. Three additional 
measurements were made for these tests: horizontal 
and vertical incident solar radiation and ambient 
wind speed. The thermophysical properties of mate- 
rials used to construct the test boxes were also meas- 
ured and used in the numerical thermal analysis; 
these values are presented in Table 1. 

Infiltration was determined by an additional set of 
experiments, for which the storage wall and louvers 
were removed from the boxes. An electric heater with 
thermostat control placed inside the empty test box 
maintained aconstant room temperature. The amount 
of energy consumed, the room air temperature, 
inside and outside wall surface temperatures, and the 
ambient air temperature were monitored. The exper- 
iments were conducted at night so that no solar radia- 
tion was incident on the test boxes. By selecting a 
reasonably long period (approximately two hours) 
when the ambient temperature is nearly constant we 








Fig. 3b. Louvers in the open and closed positions in the 
experimental box; stationary louvers in the 
control box. 


were able to calculate the total load (total UA) of the 
test box. This value reflects the sum of the conduc- 
tance (UA) of each of the walls, the floor, and the 
ceiling plus infiltration. From the measured thermo- 
physical properties presented in Table 1, the UA for 
the walls, floor, and ceiling can be calculated and 
summed. The difference between the total UA ob- 
tained from the tests and the summed UA (from Table 
1) is the infiltration. A value for the infiltration was 
obtained by this method for the test boxes with front 
and back panels opened and closed. 

The infiltration values together with the thermo- 
physical data presented in Table 1, the horizontal and 
vertical solar radiation, and wind speed were used to 
generate the input for a detailed numerical thermal 
nodal model of the test boxes with glass louvers. The 
model has 24 nodes: 11 diffusion nodes (nodes with 
thermal capacitance), 11 arithmetic nodes (nodes 
without thermal capacitance), and 2 boundary nodes 
(nodes with infinite thermal capacitance). There are 
52 conductors in the model that account for solid 
conduction through the storage wall and test box 
walls, and for internal and external convection and 
radiation. 

The generalized, three-dimensional heat transfer 
computer program, MITAS, was used to obtain a 
transient solution for node temperatures and heat 
flows between nodes [4]. The MITAS program uses 



































Thermal Specific 
Solar Infrared Conductivity Heat Density 
Absorptivity Emissivity (W/m°C) (kJ/kg°C) (kg/m) 
Material Measured Model Measured Model Measured Model Measured Model Measured Model 
Concrete brick 0.895-0.931 0.91 0.905-0.913 0.90 inal 3 — 0.88 — 1470 
Polyurethane 0.316-0.409 0.35 0.746-0.818 0.78 O10323 0.032* = 1.21 — 28.8 
Plywood with 
white paint 0.282-0.300 0.28 0.884-0.886 0.90 — — — 2 — 545 
Aluminum with 
black paint 0:918-0.956% 0:91 0:753-0.8571 17 0:85 — 202 _— 0.88 = 2750 
Glass — 0.07 — 0.90 — = — — — — 
“Conductance for composite of 7.6-cm-thick polyurethane and 0.9-cm-thick plywood (W/°C). 
Table 1. Thermophysical Properties 
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Fig. 4. Room air temperature of the test boxes without 
louvers as a function of time for two days. Front and 
back panels (south and north, respectively) are 
opened at 10:00 a.m. (not shown) and closed at 4:00 
p.m. the first day, and opened at 11:35 a.m. and 
closed at 4:00 p.m. the second day. The arrow indi- 
cates when the panels are opened and closed. The 
symbol (QO) indicates opening the test boxes and the 
symbol (™@) indicates closing the boxes. 


finite differencing techniques (forward, backward, 
and forward-backward) to obtain the transient solu- 
tion. The solution technique obtains a closed-form 
solution to a quartic equation for radiation conduc- 
tors, thus eliminating the need to linearize radiation 
conductors. The surface properties used for external 
and internal radiation exchange are given in Table 1. 
Radiation exchange is calculated from each external 
surface to the ground and tothesky. The effective sky 
radiation temperature is calculated each time step 
with a subroutine whose algorithm is taken from Duf- 
fie and Beckman [5]. Radiation exchange inside the 
box is determined by means of the ERN technique 
[6]. The ERN technique was validated with a full 
graybody analysis, and the resulting temperatures 
correlated within 1°C. 

Subroutines were used to calculate the free con- 
vection conductors as a function of temperature from 
vertical and horizontal surfaces within enclosures 
[7]. Forced convection from external surfaces was 
also calculated with a subroutine that uses an empiri- 
cal relationship for the conductance as a function of 
the Reynolds number [7]. 


Results 


Figure 4isaplot of the room air temperature of the 
test boxes without louvers as a function of time. The 


room air temperature behaviors of both boxes are 
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Fig. 5. Room air temperature of the test boxes with open 
louvers as a function of time. 
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Fig. 6. Average storage wall temperature of the test boxes 
as a function of time for the same test and time 
period presented in Fig. 5. 


nearly identical. Figure 5 demonstrates similar room 
air temperature behavior when louvers are added to 
the boxes but remain open. Figure 6 demonstrates 
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Fig. 7. Effect of opening and closing glass louvers on the 
room air temperature. Front and back panels of both 
boxes were opened at 8:20 a.m., and the glass louv- 
ers in the experimental test box were closed at 9:30 
a.m. The front and back panels were closed at 5:00 
p.m. The glass louvers in the experimental box were 
opened rae at 7:00 a.m. the following day. The 
symbol ( ¥ ) indicates closed louvers and the sym- 
bol (== ) indicates open louvers. 
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Fig. 8. Average storage wall temperature of the test boxes 
for the test and time period presented in Fig. 7. 
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Fig. 9. The energy stored in the storage wall, minus the 
energy previously stored, normalized by the total 
incident solar energy. The data were obtained from 
the tests used in Figs. 7 and 8. 


that the average storage wall temperatures of both 
boxes are also nearly identical when they are plotted 
as a function of time. Other plots, not presented here, 
show that the temperature behavior of the front and 
back storage wall surfaces and other test box com- 
ponents are also nearly identical. The temperatures 
for respective test box components and surfaces 
never differed by more than 2°C and on the average 
differed by less than 1°C. 

Because of the similar temperature behavior of the 
test boxes, the altered temperature behavior caused 
by opening and closing the louvers can be evaluated 
by comparing the results of the experimental test box 
(with louvers that open and close) to those of the 
control test box whose louvers remain open. Figures 
7 and 8 demonstrate the effect of closing the louvers 
during charging and opening the louvers during dis- 
charging. Figure 7 plots room air temperature as a 
function of time for both the experimental and control 
test boxes. The glass louvers were closed at the 
beginning of the first charging cycle (9:30 a.m.). The 
results show that at peak temperatures, the room air 
temperature for the experimental test box was lower 
than that of the control test box by more than 5°C. 
Thus, the closed louvers help to prevent overheating 
during charging. At7 a.m. the next morning the glass 
louvers were opened and the room air temperature 
increased. The thermal energy not released to the 
room during charging is stored in the storage wall for 
future discharge (Fig. 8). Plots of the average tempera- 
ture of the respective storage wall versus time for 
both the experimental and control test boxes demon- 
strate that the average temperature of the storage 
wall in the experimental test box was higher than that 
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Fig. 10a. The effect of opening and closing glass louvers 
over a 2-day period. Front and back panels were 
opened at 8:15 a.m. the first day; the glass louvers 
were closed in the experimental box at9:15 a.m. The 
panels were closed at 4:45 p.m. that same day and 
remained closed until 7:00 a.m. the second day. The 
louvers were Opened between 7:00 a.m. and 10:30 
a.m. the second day, then closed for the remainder 
of the day and night. The front and back panels were 
opened at 8:00 a.m. and closed at 4:20 p.m. the 
second day. 


in the control test box, both during and after charg- 
ing. Since the capacitance of both storage walls is the 
same, the higher temperature indicates more stored 
energy. 

The energy stored in the storage wall, normalized 
by the integrated total incident solar energy (during 
charging), is plotted against time in Fig. 9. The results 
show that a larger percentage of the incident solar 
energy was stored during and after charging when 
the louvers were closed. Thus the performance of the 
storage wall improves with the use of louvers. 

Various oOpening/closing louver scenarios were 
tested to demonstrate the temporal control provided 
by the use of louvers. Figure 10 (a & b) plot room 
air temperature as a function of time and demon- 
strates the effect of a variety of opening/closing 
louver scenarios. In general, opening and closing the 
glass louvers reduces the magnitude of room air 
temperature fluctuations, in some cases by as much 
as 44 percent. Thus, the glass louver provides a signif- 
icant amount of thermal control. 

A later investigation, which studied the effect of the 
thermophysical properties of the construction mate- 
rial on the impedance provided by an RFS [1], dem- 
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Fig. 10b. The effect of opening and closing glass louvers 
on the room air temperature over a 6-day period. 
The front and back panels were opened at 8:45 a.m. 
and closed at 4:15 p.m. the second day. The glass 
louvers in the experimental box were closed at 1:30 
p.m. and opened again at 4:15 p.m. the same day. 
The glass louvers were closed and the front and 
back panels were opened at 9:30 a.m. the third day. 
The panels were closed at 4:00 p.m. that day. The 
glass louvers in the experimental box remained 
closed through the third, fourth, and fifth days. The 
glass louvers were Opened again at 9:00 p.m. the 
fifth day. The front and back panels were opened 
and closed at 8:15 a.m. and 6:15 p.m., respectively, 
the fifth day. The glass louvers were closed and 
opened and the panels were opened and closed for 
one hour (between 8 and 9 a.m.) on the sixth day. 


onstrated that glass provides a smaller impedance 
than almost any other louver construction material. 
Materials such as polished aluminum can provide 
two-and-one-half times the thermal impedance of 
glass. Certain combinations of materials can provide 
over four times the impedance of glass. To assess the 
control and improved storage wall perforinance pro- 
vided by more effective louvers, a detailed numerical 
thermal nodal model was constructed for the test 
boxes. Allinputs used in the simulation were obtained 
from measured data. Figures 11 and 12 present the 
room air temperature, 7,, and the average storage 
wall temperature, 7.,, calculated by the numerical 
simulation program (solid line) for the time period for 
which results are presented in Figs. 7 and 8. Also 
plotted on the figures are the test results; comparison 
shows that the simulation results correlate very well 
with the test results. The energy stored in the storage 
wall, normalized by the integrated total incident solar 
energy versus time (calculated from the simulation), 
is presented in Fig. 13 together with the test results. 
Again, the correlation is good. 
With this validated numerical thermal model of the 
test box, we determined the effect of using louvers 
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Fig.11.Correlation between numerical simulation (solid 
line) and experimental results (data points, ++) for 
the room air temperature, 7,, and the average 
storage wall temperature, 7. The results presented 
are for the experimental test box with opening and 
closing glass louvers. 
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Fig. 13a.Correlation between numerical simulation (solid 
line) and experimental results (data points, ++) for 
the energy stored normalized by the total incident 
solar energy for the experimental test box. 
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Fig.12. Correlation between numerical simulation (solid 
line) and experimental results (data points, ++) for 
the room air temperature, 7,, and the average 
storage wall temperature, 7,,. The results presented 
are for the control test box with permanently opened 
louvers. 
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Fig. 13b. Correlation between numerical simulation (solid 
line) and experimental results (data points, ++) for 
the energy stored normalized by the total incident 
solar energy for the control test box. 
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Fig. 14. The effect of opening and closing louvers on the 
room air temperature over a 4-day period, calcu- 
lated by the validated numerical simulation model: 
control (solid line), glass louvers (0), and alumi- 
num louvers (O). The louvers are closed at 12:00 
noon every day and opened at 1:00 a.m. every 
morning. The front and back panels are opened 
at 8:00 a.m. and closed at 5:00 p.m. every day. 


that provide larger impedance. Figure 14 presents 
the room air temperature versus time for two louver 
designs. Also plotted for comparison is the room air 
temperature of the control (louvers remain open). 
The results show that the opening and closing of 
glass louvers significantly reduces the temperature 
fluctuation, however even more control is obtained 
with thin, polished aluminum. Figure 15, which pre- 
sents the normalized storage wall energy versus time 
for the same two cases, demonstrates that more 
energy is stored during charging using louvers, 
and that using aluminum louvers can improve the 
normalized stored energy by more than 12 percent. 
Other louver designs are shown to provide almost 
twice the impedance of polished aluminum [1], but 
these louver designs could not be easily simulated 
in the numerical thermal model. 


Conclusions 


The ability to control room air temperature is 
essential to building design. Obviously, hybrid sys- 
tems offer a completely solar alternative, but often 
the active component of the total solar system is 
expensive. The use of an RFS with massive walls used 
for thermal storage can provide a cheaper and totally 
passive (unless the operation of the panels or louvers 
is automated) solar alternative to thermal control. 
Vol. 1, No. 1 


Passive Solar Journal January 1982 























> 
oH 
Me 
cH) 
cS 
WW 
ao) 
cy) 
~ 
w 
£ 
he 
° 
2 






































Time (Hours) 


Fig. 15. The effect of opening and closing louvers on the 
normalized stored energy (of the storage wall), cal- 
culated by the validated numerical simulation model: 
control (solid line), glass louvers (Q), and aluminum 
louvers (O). The results are for the same test and 
time period whose results are presented in Fig. 14. 


This study investigated the use of a radiation and 
free convection shield (RFS), in the form of louvers, 
both experimentally and analytically, for both passive 
thermal control and improved storage wall perform- 
ance. The experimental results show glass louvers 
can produce aconsiderable amount of temporal con- 
trol over room air temperatures and that opening and 
closing the glass louvers can reduce the room air 
temperature fluctuation by as much as 44 percent. 
When the glass louvers are closed during charging, 
more energy is stored in the storage wall for tuture 
use, typically about 5 percent of the incident energy. 
Thus, the use of louvers also improves the efficiency 
of the storage wall. Numerical simulations using a 
thermal nodal model, validated with test results, 
demonstrate that aluminum louvers can provide even 
more thermal control (aluminum louvers provide 
more than twice the thermal impedance of glass 
louvers) and further improve the efficiency of the 
storage wall (13 percent more of the incident energy 
is stored). 

The improved thermal storage performance when 
the RFS is closed during charging provides the basis 
for ongoing investigations related to cost and thermal 
tradeoffs. Examples of these tradeoffs are (1) possi- 
ble reductions in the mass and volume of the storage 
wall allowed by use of the RFS and (2) possible 
reductions of the area of south glazing allowed by use 
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of the RFS, thus reducing the building load and per- 
haps eliminating the need for movable insulation in 
some Cases. 

The investigation described here indicates that the 
use of an RFS with mass walls can add two attractive 
features to passive solar buildings: temporal control 
of room air temperature without the use of auxiliary 
heat from conventional sources and improved stor- 
age wall efficiency. Other potential benefits have not 
been demonstrated and are the subject of ongoing 
and future investigations: directional control of ther- 
mal energy discharge, graduated control over the 
rate of thermal energy discharge, and improved 
interzonal heat transfer. Present investigations are 
concerned with full-scale assessments and cost bene- 
fits that can result from using an RFS with mass walls. 
Both the demonstrated temporal control and im- 
proved storage wall efficiency may provide real cost 
benefits to the user, in addition to the many comfort 
benefits that are more difficult to assess in terms of 
cost: 

The results of these investigations will contribute 
to the complete thermal characterization and detailed 
understanding of the RFS system. The final results 
will be reported in a format that will provide guidance 
for integrating an RFS system into building systems 
and optimizing cost and thermal tradeoffs. In addi- 
tion, a simplified algorithm for the thermal behavior 
of the RFS system will be developed for incorporation 
into a variety of simulation codes. 
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New Mexico Solar Greenhouse Study 


W. Scott Morris and Clair Reiniger 
P.O. Box 4815, Santa Fe, NM 87502 





Abstract Throughout New Mexico, attached solar green- 
houses have proliferated since innovators in passive solar 
applications perfected the technology in the late 1960s and early 
1970s. Current popularity has been accelerated by escalating 
fuel costs and increasing interest in self-help and self-sufficiency 
movements. A community study team of New Mexico residents 
interviewed 150 solar greenhouse owners from March to 
October 1979 to obtain information on the social/community, 
technological, legal/political, and economic/financial aspects 
and impacts of solar greenhouses. This report presents a user 
experience and attitude profile as well as an economic analysis 
of questionnaire data. Most solar greenhouses surveyed 
produce heat at a cost that compares favorably with present 
conventional fuel costs and have simple payback periods of four 
to eight years. The study indicates that there are no serious 
barriers to solar greenhouse technology, although increased 
education, greater tax incentives, and low-interest loans would 
stimulate greater use of solar greenhouses by low-income 
residents. 





Introduction 


New Mexico, aland of long, cold winters but plenti- 
ful sunshine, has witnessed a blossoming of the solar 
greenhouse. Escalating costs for heating fuels anda 
growing self-help and self-sufficiency movement 
within the state have contributed to the proliferation 
of solar greenhouses, particularly in the colder moun- 
tainous sections of the state. 

Some of the first intentional solar greenhouses 
were built in the early 1970s in the Taos, New Mexico, 
area by Tom Watson, a local inventor. However, the 
solar greenhouse became most popular through the 
work of Bill and Susan Yanda. The idea of a food-and- 
heat-producing attached solar greenhouse occurred 
to the Yandas when they observed the thermal per- 
formance of their pit greenhouse during one of the 
coldest winters in northern New Mexico. “Why not 
help heat your home with that excess heat instead of 
venting it to the outside?” To date, the Yandas have 
built more than 30 greenhouses in New Mexico, 
mainly through workshops carried out in the “barn 
raising” style. 

Solar enthusiasts in New Mexico have found a 
focal point in the New Mexico Solar Energy Associa- 
tion (NMSEA) since the early 1970s. Since the spring 
of 1977, NMSEA, with the Yandas’ encouragement, 
has been introducing and building solar greenhouses 
in the state. NMSEA has organized over 40 solar 
greenhouse construction workshops with homeown- 
ers, community groups, and local institutions. Be- 
cause of the perseverance of a handful of solar advo- 
cates, the New Mexico solar tax rebate was passed in 
1975. It was the first legislation of its kind in the 
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United States; both active and passive solar systems 
are covered in the regulations. 

As a result of the efforts of NMSEA and a growing 
interest in solar energy, solar associations have 
sprung up all over New Mexico. Local solar associa- 
tions (Alamogordo, Roswell, Silver City, Albuquerque, 
Santa Fe, Taos, Las Vegas, El Rito, Shiprock), together 
with many other individuals (see Acknowledgments), 
cooperated in gathering data for the New Mexico 
Solar Greenhouse Study, conducted from March to 
October 1979. 

The major portion of the study was funded by a 
government agency seeking information on the social, 
technological, and economic aspects and impacts of 
solar greenhouses. Early in the project, a community 
study team of 18 members was organized to (1) 
develop study objectives; (2) develop a questionnaire 
for solar greenhouse owners; (3) conduct personal 
interviews with greenhouse owners; (4) draft reports 
on the historical, legal, political, economic/financial, 
and social factors of the study; and (5) act as review- 
ers for the draft and final reports. Each team member 
developed a list of greenhouse owners in his or her 
region, seeking a representative sample of inter- 
viewees. 

The team then compiled information on over 150 
solar greenhouses, conducting detailed interviews to 
obtain direct information from the technology end- 
users. The 100-question interview explored, docu- 
mented, and assessed who builds solar greenhouses 
and why; what financial, social, legal, and technical 
barriers greenhouse owners and operators face; and 
how solar greenhouses perform in terms of produc- 
ing heat and food. In addition, recommendations for 
the evaluation of greenhouses on local, state, and 
national levels were made. The following paper sum- 
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According to the New Mexico Solar Greenhouse Study, 
rising fuel costs and a growing self-reliance trend have 
accelerated the proliferation of attached solar greenhouses 


in the state. 
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marizes the findings of the New Mexico Solar Green- 
house Study. 

A wealth of information was uncovered during the 
course of this project. Aside from the detailed anal- 
yses of many facets of solar greenhouses, the New 
Mexico Solar Greenhouse Study is a portrait of an 
appropriate technology that, born of local needs, has 
already decided to run away from home. 


Questionnaire Respondents” 


Although a great variety of people were inter- 
viewed during the survey, most solar greenhouse 
owners were Anglo white-collar workers. Equal num- 
bers of males and females were interviewed. On the 
whole, respondents were not solar advocates; 59 per- 
cent of the interviewees were not involved with solar 
energy groups or programs, and 79 percent did not 
participate in a greenhouse workshop before build- 
ing their greenhouses. The interviewees were “do-it- 
yourself” types; most had designed and built their 
own greenhouses. 

With solar greenhouses, the process is an integral 
part of the experience. Both the NMSEA and Yanda 
workshops have strongly emphasized the “do-it- 
yourself” concept, which has given people the confi- 
dence to “give it a try.” Owners avoided institutional 
support; most respondents paid for their greenhouses 
with out-of-pocket cash and did notfile for a state tax 
rebate. Most interviewees appeared to enjoy “just 
doing it on my own,” as one interviewee said. When 
asked what factors inspired them to build their 
greenhouses, 81 percent checked “saving on heat,” 
59 percent checked “horticultural interests,” 55 per- 
cent marked “saving on food,” and 53 percent said 
“having a nice sunspace.” 


Which of the following factors inspired you to build your 
greenhouse? (Check all applicable) 
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Saving money on food NY 55% 
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Self-reliance 


Survival-type self- 
recs? 





Increased self-reliance and a closer relationship 
with nature were also important to the interviewees. 
Many people who become involved with solar energy 
do so because they want to be more self-sufficient; 
it's only natural that such people would avoid institu- 
tional involvement. As one interviewee said, “It is very 
important for the American people to take personal 
responsibility for their fuel needs ... solar green- 


* Since most questions elicited multiple responses from 
interviewees, figures will not always total 100 percent. 
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houses are an excellent step toward a sane com- 
munity.” 

Low-income people and cultural groups, such as 
the Hispanics and Native Americans, have been 
reached through the Yanda and NMSEA workshops, 
where building costs are reduced by the provision of 
materials or labor. Eleven percent of the interviewees 
built their greenhouses through a workshop. 

The Hispanic and Native American cultures are 
very traditional; process and time are very important 
when new technologies are introduced to these 
groups. For example, a solar greenhouse was built 
over several months in a small Navajo community. 
Since the sun is very important in the Navajo religion, 
a medicine man was asked to bless the structure. A 
great deal of time was spent with the Navajos in work- 
ing out the planting design for the greenhouse. 
Vegetables were planted in raised container beds, 
and planting schedules were outlined. However, the 
appropriate technologist working with the group 
returned a few months later to find that all the con- 
tainers had disappeared, and the ground had been 
dug up and planted. The Navajo women working in 
the greenhouse explained that they did not think it 
was natural to plant in boxes; seeds belonged in the 
ground. They had also decided to let all the plants die 
during the winter because “growing things in the 
winter was not right. Everything has a certain.time 
and season.” This greenhouse is, however, extremely 
productive in spring, summer, and fall. 

Solar greenhouses have proliferated on the Navajo 
reservation during the last two years; people waited 
to see if the greenhouses really worked before accept- 
ing them. 


Greenhouse Design 
and Construction 


Only greenhouses (or sunspaces) that attempted 
to make some use of basic solar heating principles 
were surveyed. The survey revealed that a great var- 
iety of solar greenhouse designs had evolved to meet 
individual needs. Of the 150 greenhouses studied, 58 
percent were retrofitted onto existing homes (some 
by enclosing porches) and 33 percent were inte- 
grated into the house design. Only 7 percent were 
freestanding. 

Although most literature shows sloping south 
walls on these structures, nearly 50 percent of those 
surveyed used vertical south glazing. Forty-five per- 
cent employed some slope to the south wall, and a 
few used lean-to or curved wall designs. A very large 
range of sizes was found [48 to 1400 ft? (4.5 to 130 
m?)], but 65 percent fell into the 100- to 300-ft? (9- to 
28-m?) range. The most popular size (26 percent) was 
150 to 200 ft? (14 to 19 m?). 

In answer to the question of who designed the 
greenhouse, most respondents gave design credit to 
themselves (69 percent), but some greenhouses were 
designed by builders (21 percent) and architects (17 
percent). Solar organizations were credited for the 
design by 6 percent of the respondents, and pub- 
lished plans or manufactured kits were mentioned by 
a very few. There were obviously some joint design 
efforts. Problems in finding good design information 
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In general, how satisfied are you with your greenhouse? 
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were reported by 19 percent of the respondents. Most 
noted that they were “pleased” (24 percent) or “very 
pleased” (63 percent) with the design. The 5 percent 
that checked “not satisfied” were nearly all owners of 
_ greenhouses they had designed themselves and built 
before 1977. 

Aside from being predominantly owner-designed, 
most greenhouses surveyed were also owner-built 
(66 percent). Builders were credited by 33 percent of 
the respondents, and workshops were credited by 
11 percent. An average of 60 percent of the labor that 
went into the construction of all greenhouses sur- 
veyed was “free” or donated by friends or in work- 
shops. (An impressive figure!) Only 6 percent of 
those surveyed indicated they were not satisfied with 
the construction. 

The large number of greenhouses designed and 
built by homeowners is a clear reflection of the 
“grassroots” approach stressed by early solar green- 





Of the 150 greenhouse owners interviewed, 81 percent said they built their greenhouses to save money on heating bills. 


house advocates (Yanda) and workshop programs 
(NMSEA and others), as well as self-help interests of 
owners. 

Building codes and zoning regulations are some- 
times cited as serious deterrents to solar greenhouse 
construction. Although the survey covered only green- 
houses actually built, only 5 percent of the owners 
noted problems with building codes, and 7 percent 
indicated difficulties with zoning regulations. 

A majority of the owners (75 percent) believed that 
their greenhouses were tight and well sealed against 
air leaks. Fiberglass sheets were the most popular 
glazing; glass was used as the primary glazing in 
about one-third of the structures. Acrylics were used 
occasionally, and plastic films like polyethylene 
served as the primary glazing in some of the least 
expensive greenhouses. Although these plastic films 
may last only one or two years as an exterior glazing, 
their very low initial cost makes them attractive for 
simple, temporary structures. About 70 percent ofthe 
designs used some glazing in the roof. 

Perhaps because of the favorable New Mexico 
sunshine, only 14 percent of those surveyed used any 
kind of night insulation on the greenhouse glazing. 
Such movable insulation, however, might be essen- 
tial in more difficult climates if plants are to grow 
through the winter months. Perimeter insulation was 
installed during construction in only 60 percent of the 
greenhouses studied. 

The construction of the common wall between 
house and greenhouse was most often adobe (43 
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Fifty-eight percent of the structures, like the one above, were retrofitted onto existing homes; 33 percent were integrated 
into the house design. The most popular greenhouse size reported was 150 to 200 ft? (14 to 19 m*). 
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percent) or wood frame (25 percent). Various heat 
storage materials were used, particularly masonry 
walls, either existing or added, and water in contain- 
ers (47 percent used 55-gal drums of water). Only 5 
percent used isolated rock beds for heat storage, 
although use of this medium is growing. Five percent 
of the greenhouses included no thermal mass. 


Thermal Performance 


Good numerical data are often difficult to obtain 
from end-users of any technology, and solar green- 
house owners were no exception. Although 84 per- 
cent were using their greenhouses for heat collection 
and were almost universally happy with the results, 
few kept careful track of actual performance. 

Forty-four percent of those surveyed claim to have 
kept at least some track of home fuel usage, but only 
33 percent ventured to give percentage changes in 
home fuel use due to their greenhouses. Although 
answers varied widely, of course, due to different 
greenhouse-to-house size ratios, the average de- 
crease in fuel usage was 31 percent. (See section on 
economics for further evaluation of these data.) 

More people (65 percent) kept some track of 
temperatures in their greenhouses. Most of the re- 
spondents reported quite predictable temperature 
data for their particular greenhouse design. Typical 
winter lows generally ranged from 45° to 55° F (7° to 
13°C) and winter highs from 75° to 85°F (24° to 29°C). 
The day-night temperature swing was generally about 
mo Latha oa fa fs ea at 

Very few homeowners reported consistently very 
high or very low temperatures, but a few (5 to 10 
percent) did report unusually large day-night temp- 
erature fluctuations. These almost always occurredin 
greenhouses that had inadequate heat storage and/or 
a southwesterly orientation. When these conditions 
were combined, a few poor souls had day-night 
temperature swings of 28° to 100° F (-2° to 38° C) 
and 40° to 120° F (4° to 49° C). During the winter, 
some owners (6 percent) occasionally had to vent 
their greenhouses. Only 5 percent claimed to have 
had poor heat transfer to the house itself, but 23 
percent used fans to help move hot air into the home. 

Problems of frequent freezing in the greenhouse 
were rare (3 percent), although 8 percent of those 
surveyed did have occasional freeze problems. Even 
in well-designed structures, some measures must be 
taken to guard against freezing if plants are grown 
through midwinter. Twenty-one percent of the re- 
spondents used auxiliary heat, when necessary, and 
33 percent left the connecting door to the house 
open. Fourteen percent grew only plants that could 
withstand cold temperatures; 13 percent let the green- 
house freeze. Although only 6 percent had no plant- 
ing in the greenhouse during midwinter, there is 
some advantage to this approach. Because no heat 
has to be stored in the greenhouse for nighttime use, 
there is more daytime heat available for the house. 
This technique is more common in severe climates. 

Summer temperatures reported in the greenhouses 
were very reasonable. Shading the glazing (espe- 
cially roof glazing), venting, and extra watering were 
allcommon. Twenty-four percent of the owners used 


24 





ventilating fans, resulting in temperatures generally 
close to those outside. In the few cases where inade- 
quate precautions were taken, temperatures of 110° F 
(43° C) were reported. Only 5 percent of respond- 
ents felt they had severe overheating problems in 
their greenhouses, although 29 percent admitted to 
occasional overheating. 

In many ways, temperatures and temperature fluc- 
tuations are good indicators of the “health” of a 
greenhouse. Based on the respondents who gave 
temperature data, it appears that about 90 percent of 
the greenhouses surveyed are in good shape. The 
problems encountered by the other 10 percent can be 
solved mostly through increased heat storage, proper 
weatherproofing, increased vent areas, and summer 
shading. 


ms - oie ‘ ; ; os user 
Shading glazing on the roof and south wall, venting, and in- 
creased watering were reported as common methods for 
preventing Summer greenhouse overheating. In the few 
cases where inadequate precautions were taken, temp- 
eratures of 110°F (43°C) occurred. 


During the survey, it became clear that many 
owners do not have avery good understanding of the 
heat transfer and storage principles involved in solar 
heating. They often try to avoid problems by taking 
the advice of friends and literature, but misunder- 
standings can lead to problems, particularly with the 
concept of heat storage. In one case, the owner had 
actually emptied all the water barrels that were pur- 
posefully placed in his greenhouse by a workshop 
crew. When questioned about his action, he said that 
every time he felt the barrels they were cold to the 
touch [probably about 65° to 70° F (18° to 21° C)] 
and “who wants a lot of cold water in the green- 
house?” After he emptied the barrels, he was unable 
to grow food during the critical winter months because 
of freezing. 

Although most of the greenhouses were doing very 
well and provided substantial amounts of heat to the 
household, more complete education of the owners, 
with emphasis on what temperatures to expect in 
different locales, could result in even more effective 
thermal management of these heat-producing struc- 
tures. 
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Flowers and Vegetables: 
Growing Issues 


Most of the interviewees used their greenhouses 
for growing food and/or flowers in both summer and 
winter. In the northern section of the state, where 
growing seasons are short, tomatoes, melons, and 
cucumbers are often much better off in the green- 
house than in outside gardens. Of the homeowners 
interviewed, 57 percent were already gardeners before 
they built their greenhouses, and most of the re- 
spondents felt they had been successful in growing 
plants in their greenhouses. Previous gardening skills 
are transferred when gardeners go indoors, causing a 
large increase in the success rate. Forty-four percent 
of the respondents used the greenhouse to start seed- 
_ lings for later outdoor transplanting. Comparing the 
greenhouse to the outdoor garden plot, 45 percent of 
the respondents felt the greenhouse plants needed to 
be watered less than those in outdoor gardens. In the 
Southwest, where water is very precious, intensive 
indoor gardening using very little water is becoming 
increasingly economical. 

The major horticultural problem encountered by 
interviewees (44 percent) was excessive bugs. The 
types of pests most often encountered were white 
flies, in both summer and winter; spider mites, mainly 
in the winter; and aphids. Greenhouse pests were 
regulated through (1) biological control such as lady 
bugs (29 percent); (2) mechanical means including 
water sprays, sticky tapes, and vacuum cleaners (27 
percent); and (3) botanical insecticides (22 percent). 
Other solutions included herbal sprays and compan- 
ion planting; some interviewees had no luck at all. It is 
interesting to note that most of the pest control 
methods were natural rather than synthetic chemical 
pesticides. Since the greenhouse is essentially part of 
the house, people are becoming more aware of the 
health hazards of synthetic chemical sprays. 

Interviewees went to friends (52 percent), garden 
books (43 percent), popular literature (30 percent), 
and horticultural specialists (20 percent) for help with 
greenhouse gardening problems. Most of the solar 
greenhouse owners (59 percent) did not feel it was 
difficult to find help with horticultural problems. In 
some towns throughout New Mexico, solar green- 
house owners have formed informal information 
networks to help each other with greenhouse garden- 
ing problems. 

Besides excessive bugs, other gardening prob- 
lems were excessive drying of plants (21 percent) and 


How was your greenhouse project funded? 
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burned plants (17 percent). All of the horticultural 
concerns discussed here can be caused by many 
variables, including too much or too little humidity, 
insufficient air circulation and ventilation, and plant- 
ing in the wrong place (e.g., cool-weather plants too 
close to the south face of the greenhouse). 
Recently, many greenhouse gardeners have been 
commenting that solar greenhouses are designed for 
thermal performance instead of growing plants. More 
information is needed on designing solar green- 
houses for plants and on determining trade-offs 
involved in producing heat versus growing food. 


Financing 


Of the 133 owners who responded to the question 
of initial funding for the greenhouse, 82 percent paid 
cash without, apparently, even approaching a bank. 
Eleven percent obtained loans after mixed reactions 
from their bankers, and 4 percent financed their 
greenhouses primarily with private or government 
grants. That so many respondents paid cash does not 
necessarily reflect the wealth of the people sampled, 
but rather that they built greenhouses they could 
afford, whatever their income levels. The fact that an 
average of 60 percent of the labor, as well as many 
materials, was free or donated supports this conclu- 
sion. Interestingly, only 31 percent of the owners filed 
for available tax rebates. 


Economics 


Because of the multiple uses of greenhouses and 
the number of benefits derived (both tangible and 
intangible), hard economic evaluations are nearly 
impossible to make. Although 55 percent of the 
respondents listed “saving money on food” as one of 
their reasons for building a greenhouse, almost 
nobody ventured to attach a dollar amount to these 
savings. Even if they had, there is confusion as to how 
imputed labor costs, for instance, should be included 
in such an analysis. 

Other very real, but difficult to quantify, benefits 
include the value of a pleasant sunspace, home value 
appreciation, environmental benefits due to de- 
creased fossil fuel consumption, and stimulation of 
energy-conscious behavior on the part of home- 
owners. 

During the early stages of this study, it was decided 
that only the fuel savings in the residence achieved by 
the solar heating aspects of the greenhouse were 
appropriate for economic analysis, and many ques- 
tions were added to the questionnaire to deal with 
this issue. This was not done with the intent of dimin- 
ishing the other benefits, which in some cases may 
even be greater than the heating benefits, but rather 
to present an analysis based on heat production to 
which the other benefits could be added. 

Only 19 of the respondents gave data on construc- 
tion costs and thermal performance sufficient for a 
proper analysis, but this was viewed as a suitable 
sample size. Each of the 19 greenhouses was ana- 
lyzed by Scott Noll (an economist at Los Alamos 
Scientific Laboratory) to determine payback periods, 
average capital costs of annual energy savings, and 
net present value of lifetime energy savings. All calcu- 
lations were based on conservative estimates of the 
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annual fuel escalation rates for the actual fuels used 
by each home (generally about 10 percent, including 
inflation). Also, the calculations used estimated values 
for labor or materials that were “free or donated,” so 
that capital costs were considered to be those that 
would have been incurred had all construction been 
paid for. 

In all but 4 of the 19 cases, the greenhouses were 
estimated to produce a fuel savings equal to or 
greater than their initial capital cost plus mainte- 
nance costs over their expected lifespans (positive 
net present value). Costs per square foot of green- 
house floor area in these 15 designs ranged from $4 
to $16.67 ($44-$185/m?). The four greenhouses that 
were estimated not to pay back within their lifetimes 
were all expensive designs costing from $23 to $29/ft? 
($255-$322/m?). 

Simple payback periods for the 15 “cost-effective” 
designs ranged from 3 to 10 years, with the majority 
(10) falling in the 4- to 8-year range. If these estimated 
dollar savings are discounted at the assumed home- 
owner opportunity cost of 7 percent (estimated oppor- 
tunity cost on construction money had it been put 
into a savings account), the corresponding dis- 
counted payback periods increased by 1 to 3 years. 

The average capital cost (AC) of annual energy 

savings is a good indicator of cost and performance. 
It is calculated by dividing the greenhouse capital 
cost by the level of annual energy savings stated in 
terms of displaced load (MMBtu per year). Fourteen 
of the 19 greenhouses analyzed had an AC in the 
range from $31 to $110/MMBtu per year ($33-$116/GJ 
per year). The four greenhouses estimated not to 
achieve economic paybacks (based on fuel savings 
alone) within their lifespans all had AC values greater 
than $130/MMBtu ($137/GJ) per year. 
. It becomes clear that after a certain point [$10- 
$12/ft? ($111-$133/m2) in 1979$], additional monies 
spent on greenhouse construction do not necessarily 
improve thermal performance. On the other hand, the 
more expensive greenhouse may well increase the 
aesthetic benefits and resale value of a home, offset- 
ting the higher cost of annual energy saved. It should 
be noted that 83 percent of the 150 respondents indi- 
cated they thought the greenhouse had added as 
much, and generally more, to the market value of the 
house than had been invested in construction of the 
greenhouse. 

Other factors aside, the economic analysis. shows 
that the cost of heat produced by most of these struc- 
tures in New Mexico competes favorably against 
most of the heating fuels available today. 


Technology Transfer 


Some of the more interesting results of the ques- 
tionnaire survey were the answers to questions dealing 
with the transfer of information on solar greenhouse 
technology. Although early advocates of solar green- 
houses clearly introduced the technology and should 
be given major credit, the waves they caused are now 
striking shores that may not be aware of the original 
source. Good ideas travel fast, and personal recom- 
mendations as well as popular literature have appar- 
ently become the prime vehicles of dissemination in 
New Mexico. 
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How did you find out about solar greenhouses? 
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Although there were many multiple answers to the 
question, “How did you find out about solar green- 
houses?”, only 25 percent of the respondents cred- 
ited local solar associations. Forty-eight percent 
cited popular literature, and 47 percent said they had 
learned through friends. For 23 percent, “lectures 
and courses” had been, perhaps, their first intro- 
duction. 

Seventeen percent of the 150 respondents did 
attend some form of solar greenhouse workshop, 
which is quite significant, given that many of the 
“friends” referred to by others may also have partici- 
pated. These workshops, mostly performed by the 
Yandas and NMSEA, have clearly had important and 
far-reaching effects. 

Nineteen percent of the respondents indicated that 
they did have some trouble finding good design 
information, and 23 percent felt that it was difficult to 
find help with gardening problems. Again, most of the 
help seems to have come from friends and literature 
rather than from specialists. It should be recognized, 
however, that these are answers that were given in 
mid-1979 and that most of the greenhouses surveyed 
were built before 1978. As the number of solar green- 
houses increases, so does the access to good 
information. 





Solar greenhouses tend to bring people together. Home- 
Owners generally rely on friends, neighbors, or popular 
literature for information. 


Impacts 


After having built a solar greenhouse and lived 
with it for a while, most (54 percent) of the interview- 
ees said that they had plans for additional solar 
energy applications. Fourteen percent have already 
added other solar systems to their homes, a clear 
indication of the success of solar energy. Most 
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(88 percent) of the interviewees have recommended 
solar greenhouses to other people, and 52 percent 
- said they knew of other greenhouses that were built 
as a result of their own. One of the best ways to 
develop interest in anew technology is through direct 
experience: “Seeing is knowing.” 

in response to questions concerning development 
of solar energy in their communities, 55 percent of 
the interviewees said that there should be more dem- 
onstration projects; 75 percent saw a need for more 
low-cost loans, tax rebates, and greater public educa- 
tion; and 55 percent said that more funds for research 
and small grants to individuals are needed. All of 
these factors are very important, especially if lower 
income people are going to be able to participate in 
the use of solar energy. Most of the interviewees said 
they had had no problems with building codes or 
zoning regulations. However, it is not known whether 
they had ever filed for a building permit. 

Fifty-nine percent of the interviewees had very 
enthusiastic reactions to their solar greenhouses 
from friends and neighbors, and 41 percent said that 
their friends had been interested. Bill Yanda often 
comments that for every greenhouse workshop he 
conducted, 10 more greenhouses were built. This 
study estimates that there were 1000 solar green- 
houses in New Mexico as of October 1979. Given a 
rough estimate of four persons per household, we 
estimate about 300,000 households in the state. This 
indicates that one of every 300 homes has a solar 
greenhouse (more in cold, mountainous regions). 
This is an impressive figure when it is noted that the 
technology emerged from its conception only about 
five years ago and has spread mostly through popular 


sources. 
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Eighty-eight percent of homeowners queried have recom- 
mended solar greenhouses to other people; 52 percent said 
they knew of other greenhouses built as a result of their 
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Another community impact of solar greenhouses, 
to which the questionnaire data do not directly refer, 
is the workshop component. Solar greenhouses tend 
to bring people together, either through workshop 
situations or in sharing pest control remedies or heat 
storage ideas. People naturally find others with like 
interests. Local solar associations have sprung up 
around the state because of this interchange. 


Conclusions 


The New Mexico Solar Greenhouse Study showed 
that the number of solar greenhouses in New Mexico 
is growing at a very rapid rate. This is primarily a 
result of people’s needs to reduce fuel and food costs, 
although other factors, including an urge for self- 
reliance, have played an important role. The technol- 
ogy has spread primarily in an informal, “grassroots” 
fashion, and homeowners have designed and built 
these structures mostly themselves. 

The intuitive belief that simple attached or inte- 
grated solar greenhouses pay for themselves in fuel 
savings alone has proven to be true in New Mexico. 
Aside from these very real heating benefits, solar 
greenhouses provide a very pleasant Sunspace and 
an almost ideal year-round environment for growing 
food as well as flowers and other plants. 

Although there is apparently some need for more 
information and education on the design and man- 
agement of these systems, it is also clear that the use 
of solar greenhouses will continue to grow and 
flourish. 
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Abstract Computer programs have been developed to 
simulate numerically natural convection in two- and three- 
dimensional room geometries. The programs have been 
validated using published data from the literature, results 
from a full-scale experiment performed at the Massachu- 
setts Institute of Technology, and results from a small- 
scale experiment performed at LBL. One of the computer 
programs has been used to study the influence of natural 
convection on the thermal performance of asingle zoneina 
direct-gain passive solar building. It is found that the con- 
vection heat transfer coefficients between the air and the 
enclosure surfaces can be substantially different from the 
values assumed in the standard building energy analysis 
methods, and_can exhibit significant variations across a 
given surface. This study implies that the building heating 
loads calculated by standard building energy analysis 
methods may have substantial errors as a result of their use 
of common assumptions regarding the convection pro- 
cesses which occur in an enclosure. 


Nomenclature 

A Aspect ratio = H/L 

C, Specific heat at constant pressure 

Gr, Grashof number, = g.B.AT.L°/v? 

g Acceleration due to gravity 

H Enclosure height 

gtPP Enclosure length 

Nu, Average Nusselt number, =gL/ATk 

Nu, Average Nusselt number on the hot wall 

p Dimensionless pressure 

Pr. Prandtl number, = v/a 

g Heat flux 

Ra, Rayleigh number, = Gr,-Pr 

Re Dimensionless scale of time 
Temperature 

AT Characteristic temperature difference, 
Sac 

ra Maximum temperature on hot wall - 
minimum temperature on cold wall 

t Dimensionless time 

Tair Average temperature of air in the zone 

Trt Mean radiant temperature in the zone 

To Average temperature of the cold wall 

Ty Average temperature of the hot wall 

V Dimensionless fluid velocity factor 

Xx Vertical axis (dimensionless) 

Y Horizontal axis (dimensionless) 
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Thermal diffusivity = k/pC,, 
Coefficient of volumetric expansion 
Kronecker Delta, = 0 if ke J 

1ifi=j 
Dimensionless temperature 
Thermal conductivity 
Viscosity 
Density 
Kinematic viscosity = u/p 
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Introduction 


In spite of the fundamental role it plays in both 
conventional buildings and passive solar systems, 
natural convection has received relatively little exper- 
imental or analytic attention within the building 
sciences. Within a single thermal zonef, natural con- 
vection and thermal radiation are jointly responsible 
for the distribution of heat from collection and/or 
storage media to the building occupants, to the 
occupied space, or to building elements having sig- 
nificant thermal mass but which do not receive direct 
sunlight. In general, several thermal zones are needed 
to characterize occupied buildings (e.g., buildings 
other than warehouses, airplane hangars, etc.); and 
convection processes contribute to the thermal 
transfers among these zones. Buoyancy-drivent con- 
vection is responsible for the air circulation produc- 
ing a cooling effect in sunspaces, multistory atria, 
and in other thermal chimney designs. Finally, many 
passive solar concepts such as double envelope 
structures, thermocirculation systems, and air collec- 
tion systems rely almost exclusively on natural con- 
vection for their operation. 

Recent research results have emphasized the 
importance of natural convection processes. Anal- 
yses performed by the Los Alamos Scientific Labora- 
tory (LASL) on the Balcomb house [1] have implied 
the importance of convective coupling of thermal 
zones as compared to radiative and conductive cou- 


* This work was supported by the Research and Develop- 
ment Branch, Passive and Hybrid Division, Office of Solar 
Applications for Buildings, U.S. Department of Energy, 
under Contract No. 7405-ENG-48. 
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plings in a multizone structure. Preliminary results 
from work performed at Lawrence Berkeley Labora- 
tory (LBL) [2] indicate that the magnitude of the con- 
vection heat transfer coefficients on the inside sur- 
faces of a typical direct gain building configuration 
can vary significantly with time. This result is consis- 
tent with an earlier study [3] which demonstrated that 
appreciable errors in prediction of building thermal 
loads can result from the common assumption that 
the total (convective + radiative) heat transfer coeffi- 
cients are constant with time. 

There is evidence that convective heat transfer 
processes are highly dependent on both the geomet- 
ric configuration of the structure being studied (e.g., 
Ref. 2) and the range of thermal boundary conditions 
that might be encountered in the structure. Also, the 
natural convection processes that occur in passive 
systems are largely uninvestigated. Thus, there is a 
need to provide a sound technical basis for estimat- 
ing the effects of convection on the performance of 
buildings. An unmanageably large number of exper- 
iments would be required to explore thoroughly natu- 
ral convection phenomena in buildings empirically. 
The present study addresses this problem by focus- 
ing on the development of a general computerized 
numerical method for analysis of natural convection, 
and on the validation of the method using results 
from a few selected experiments. The computer code 
can then, with some confidence, be applied to a 
broad range of studies of natural convection in build- 
ings. More specifically, the work reported here con- 
sists of (1) the development and validation of a 
numerical analysis technique for studying convective 
heat transfer in buildings and (2) the use of this anal- 
ysis technique to study the quantitative role of natural 
convection in the thermal performance of a direct 
solar gain structure, and thereby to examine the 
~ accuracy of standard assumptions regarding convec- 
tive heat transfer within a zone in a building. 


Background 


Past natural convection research [4] has dealt 
primarily with geometric configurations that do not 
typify rooms in buildings; as a result, these studies 
are of limited application in the building sciences. 
Convection heat transfer coefficients most often 
used in building energy analysis are largely based on 
experiments conducted 25 years ago [5-7]. This work 
was necessarily limited in the range of experimental 
parameters investigated. In addition, the lack of large 
computers and sophisticated experimental hardware 
prevented the researchers from thoroughly examin- 
ing the sensitivity of their results to the experimental 
assumptions. This past research has not been ex- 
tended, most likely due to three factors: (1) The his- 
torically low cost of energy used in buildings; (2) the 
emphasis on the use of forced convection wherever 
| possible; and (3) the difficulty of conducting analyti- 
} cal, numerical, or experimental investigations of con- 
| figurations representative of buildings. 

More recently, there has been renewed interest in 
| natural convection in the building sciences. Investi- 
gations of convective heat transfer within and between 
thermal zones have been reported by Buchberg [3], 
Nielsen [8], Honma [9], and Weber [10]. 
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Problem Definition 


In the published literature, the problem of natural 
convective heat transfer in an enclosure is typically 
simplified to the configuration illustrated in Fig. 1. In 
a two-dimensional rectangular enclosure, one verti- 
cal surface is maintained at a constant temperature 
T,,, and the opposite vertical surface is maintained at 
a lower constant temperature T,. The horizontal sur- 
faces are adiabatic (perfectly insulated). This was 
one configuration chosen for the numerical and 
experimental comparisons with published data. Heat 
input or extraction through one vertical surface of an 
enclosure is a reasonable model for many situations 
arising in buildings; for example, it may represent 
heat gain from an unvented Trombe wall or heat loss 
through windows in single- and multistory buildings. 
In addition, a previous study [11] indicates that in 
warm climates the heat losses through the walls and 
windows (the vertical surfaces) are larger than the 
losses through the floor and the ceiling (horizontal 
surfaces) in a well-insulated, single-story, residentiai 
building. 


A ARAABRAAS VEAL SD 


\\ Adiabatic Ceiling 


Vertical 





Fig. 1. Recirculating flow induced in a fluid inside a two- 
dimensional square cavity, defined by adiabatic 
floor and ceiling and isothermal walls, at temper- 
tures Ty and Tc (TH > Tc). 


In the configuration illustrated in Fig. 1, variations 
in density drive the enclosed fluid up the heated wall, 
along the top horizontal surface, down the cooled 
wall, and along the bottom horizontal surface, com- 
pleting the convective loop. The convective motion of 
the fluid is confined mostly to a thin region along all 
four internal surfaces, producing a rather large and 
fairly inactive central core region. Characteristics of 
the flow such as the mean air temperature, convec- 
tion coefficients between air and walls, flow veloci- 
ties, etc., are completely determined by specification 
of the three independent dimensionless parameters 
listed here: 

e Aspect ratio: A = H/L where H = enclosure 

height and L = enclosure length. 

e Prandtl number: Pr = v/a where v = kinematic 
viscosity and a = thermal diffusivity. 

e Rayleigh number: Ra, = Gr,Pr = gBATLPr/v?, 
where Gr, = Grashof number, g = acceleration 
due to gravity, B = coefficient of thermal expan- 
sion, and AT = characteristic temperature dif- 
ference = T,,-T¢. 
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These parameters include all relevant information 
regarding the enclosure geometry, the fluid proper- 
ties, and the relative strength of buoyancy and vis- 
cous forces, respectively. For a rectangular room 
twice as long [5.5 m (18 ft)] as it is high [2.75 m (9 ft)] 
filled with air at 21°C (70°F) and with at least a 1°C 
(1.8° F) temperature difference between vertical walls, 
these parameters take the values: 

A = 0.5, 
Pr=0.71, and 
Rap 10% 


Analysis Description and 
Comparison with Published 
Data at Low Rayleigh Numbers 


Little numerical work has been published on natu- 
ral/buoyant convection at Rayleigh numbers in excess 
of 10’. In this flow regime, fluid velocities become 
relatively large. If the popular Central Difference 
Scheme (CDS) is used for casting the equations 
governing the fluid flow into finite difference form, 
the large velocities necessitate an impracticably fine 
mesh size to ensure numerical stability of the solution 
procedure (e.g., Ref. 12). Spalding [13] has pro- 
posed a differencing scheme that overcomes this dif- 
ficulty; it allows relatively coarse grid spacings with- 
out seriously compromising accuracy and solution 
stability [14]. Two computer programs, CONVEC2 
and CONVEC3, were developed based on this differ- 
encing scheme. These programs respectively solve 
the coupled two- and three-dimensional conservation 
equations with the Boussinesq approximation: 


— 


Continuity: div(V) =0, 





Momentum: 

Re ae + (V: V)V=V? V - grad p+ Gro;, 
Energy 

are a Ne Pyar bags 

Re At +(V: grad) @ DY 0. 


These computer programs can be applied to fluid 
flow problems driven by predefined temperature dis- 
tributions on the enclosure surfaces and/or by pres- 
sure differentials between specified locations on the 
boundary. To date, a turbulence model has not been 
incorporated into either computer program, so the 
analyses are limited to steady (laminar) flows.* (Fora 
more detailed description of the analysis technique, 
see Ref. 15 and references cited therein.) 

Validation of the two computer programs CON- 
VEC2 and CONVECS has been undertaken by com- 
paring the calculated results to various published 
numerical and experimental efforts and to two recent 
experiments utilizing room geometries. The compar- 


“For a room-shaped enclosure, buoyancy-driven 
convection will not become fully turbulent for Ray- 
leigh numbers less than about 10"'. The wind-driven 
convection in a building is always turbulent. 
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ison to the low-Rayleigh-number data cited in the 
literature is described below; validations at the higher 
Rayleigh numbers characteristic of buildings are 
described in the next sections. The mesh sizes used 
for calculation in all validations were relatively coarse 
(the finest two-dimensional mesh size was 17 * 20). 
The grid lines were distributed evenly throughout the 
central region (interior of the fluid volume) with a 
concentration of grid lines near the enclosure bound- 
aries; this permitted simulation of the sharp changes 
in flow properties associated with a developed bound- 
ary layer. Sensitivity analyses indicated that it was 
adequate for this purpose to position three grid lines 
parallel and adjacent to each enclosure surface. 

A quantity of particular importance in the problem 
defined by Fig. 1 is the magnitude of convective heat 
transfer, measured by the Nusselt number. For a 
square enclosure (H=L in Fig. 1), the average Nusselt 
number can be defined as: 


— 1 aT 
Nu, = —— dX 
= WGpET if Y 


Y=0 





In Fig. 2, Nu, calculated with the convection code, 
CONVEC2, is plotted as a function of Rayleigh 
number. On the same graph, relevant numerical and 
experimental results for 10*< Ra, < 10° from various 
investigators [16-22] have been superimposed; as 
shown, the agreement is quantitatively acceptable. 
Additional validation at low Rayleigh numbers has 
been presented in Ref. 15. 


Curve 1: de Vahl Davis, Calculations [16] 

Curve 2: Emery, Experimental Results [17] 

Curve 3: Portier et al., Calculations, Pr = 0.7 [18] 

Curve 4: Burnay et al., Data Reduced from Experiments, 
Pr=0.7 [19] 

Result 5: Rubel and Landis, Calculations [20] 

Result 6: Quon, Calculations [21] 

Result 7: Fromm [22] 

Points indicated by © are from present calculations. 





Fig. 2. Dependence of Nu: on Ra, for two-dimensional 
flow inside a square cavity. Comparison with pub- 
lished results shows acceptable agreement. 


Experiments and Analysis Validation 
at High Rayleigh Numbers 


Existing experimental data have largely been limit- 
ed to Rayleigh numbers of less than 10° — at least an 
order of magnitude below that which characterizes 
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full-scale building geometries. In addition, most of 
the data are for large aspect ratios, typifying fluid flow 
in narrow vertical channels. Two recent experiments 
[2,23] have expanded the data base into the geomet- 
ric and kinematic region of interest to the buildings 
sciences. The experiments are described here and 
their results are compared to the predictions of the 
convection analysis code. 


Small-Scale Experiment 


A small-scale experiment, coordinated with the 
analysis, is being carried out at Lawrence Berkeley 
Laboratory. The results from the first phase of this 
experiment are reported here. 

A schematic cross-sectional view of the experi- 
_ mental configuration is shown in Fig. 3; the apparatus 
has inside dimensions of 12.7 cm (5 in.) high by 25.4 
cm (10 in.) long and extended to a horizontal depth of 
76.2 cm (30 in.) to minimize three-dimensional effects. 
Water was used as the working fluid; this allowed 
representative Rayleigh number values to be obtained 
in a small-scale apparatus. The range of parameters 
covered by this experiment are: 

A =0.5; 
2.6 < Pr< 6.8; and 
1.6 x 10°= Ra, = 5.4 x 10". 


The opacity of water to thermal radiation implies 
that the experiment was not a direct, scaled approxi- 
mation to a real room; using water in the experiment 
allowed measurement of the purely convective part of 
the heat transfer process being studied* and from this 
standpoint, was ideal for validating the convection 
analysis code. 

In experimental modeling of convective heat trans- 
fer processes, the detailed behavior of a fluid with 
Prandtl number less than 1.0 cannot be accurately 
simulated with a working fluid having a Prandtl 
number much greater than 1.0 [24]. Therefore, the 
magnitude of the Nusselt number measured in this 
experiment is not numerically identical to that for an 
air-filled enclosure. However, the general fluid behav- 
ior and parametric relationship observed in the exper- 
4ment can be expected to be representative of an 
air-filled cavity. 

The heat transfer data obtained from the experi- 
ment are presented in the form of 10940 (Nu_,,) vs. 
l0g,) (Ra,) in Fig. 4. In this figure Nu... (Nusselt 
number) is a measure of the strength of the convec- 
tive heat transfer at the heated wall. On the same 
figure, experimental results from a study by MacGre- 
gor and Emery [24] and predictions from an analytic 
study by Raithby et al. [25] are shown; the present 
experiment is in quantitatively good agreement with 
both of these previous results. (Note that at the high 
Rayleigh numbers shown in the figure, the Nusselt 
number is relatively insensitive to the aspect ratio [26, 
27]).) 





*The maximum contribution of thermal radiation to 
the measured Nusselt number was calculated to be 


less than 2 percent. 
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1-1.3cm Plexiglas 

2 - 0.5cm Copper Sheet 
3 - Water 

4 - Thermofoil Heaters 


5 - 1.0cm O.D. Copper 
Tubing containing 
Cooling Water 

6 - High Conductivity 
Cement 

7 - 0.6cm Plexiglas 
Partition 


8 - Adjustable Rod 


9 -5.1cm Polystyrofoam 
Insulation Board 


10 - Inside Surface of 
Polystyrofoam lined with 
Polyethylene Sheeting 


11 - Airspace 
12 - Thermocouple Probe 


13 - Central Thermocouple 
Array 

14 - Fiberglas Insulation 
(2 layers) 


15 - Wood Base 





Fig. 3. Schematic cross-sectional view of experimental 
configurations. 


To use the data from this experiment for validation 
of the two-dimensional convection code, the compu- 
ter program was modified to incorporate the temper- 
ature dependence of the physical properties of water. 
Sensitivity studies using the computer program dem- 
onstrated an increase of as much as 10 percent inthe 
Nusselt numbers when the properties were allowed 
to vary with temperature rather than being fixed at 
their average values. Due to lack of sufficiently 
detailed experimental instrumentation, best estimates 
of some enclosure surface temperature profiles were 
necessary to complete the input to the analysis pro- 
gram. These surface temperature estimates are be- 
lieved to have errors of less than + 10 percent. To 
date, the sensitivity of the prediction of the computer 
code to these uncertainties has not been thoroughly 
investigated, pending the availability of data from an 
improved small-scale experiment in progress at LBL. 

Comparisons of the predictions of the computer 
code with the experimental results for the extent of 
Stratification in the core region are shown in Figs. 5 
and 6. These figures show the temperature profiles 
along vertical and horizontal lines through the geo- 
metric centers of the enclosure for Ra, = 2.4 x 10° and 
Ra, = 4.7 x 10'°, respectively. The excellent agree- 
ment of the numerical prediction of the temperature 
profiles in the central core at the lower Rayleigh 
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Fig. 4. Heat transfer results compared to previous results. 


number (Fig. 5) indicates that the program is address- 
ing the fundamental characteristics of the flow suc- 
cessfully at this Rayleigh number (2.4 x 10°). The 
numerically predicted vertical centerline tempera- 
ture profile at the higher Rayleigh number (4.7 x 107°, 
Fig. 6) exhibits a shift to smaller temperature gra- 
dients in the central core region associated with an 
increased gradient near the horizontal surfaces. The 
most likely sources of this discrepancy are (1) the 
potential for transitional flow (between steady laminar 
and fully turbulent) at this value of Ra, could contrib- 
ute to the noted differences between experimental 
and numerical results; (2) due to increased convec- 
tive effects at this higher Ra, , the errors in the esti- 
mates of surface temperatures immediately upstream 
from the centerline region may have a significant 
effect on the magnitude of the calculated tempera- 
ture profile at the centerline; or (3) the coarse mesh 
size used in the present numerical studies may also 
have been a contributing factor to the disagreement 
at this high value of Ra, . Ongoing work is expected to 
shed some light on this question; until the source of 
the discrepancy is understood, however, the compar- 
ison of stratification profiles implies that the convec- 
tion code properly represents the fundamental char- 
acter of the flow for the smaller value of Ra, and is 
qualitatively correct for all Ra, <5 x 10". 

The Nusselt number predictions made by the 
computer code are compared to the corresponding 
measurements in Table 1; the surface temperature 
distributions used in the simulations are also indi- 
cated in this table. The two numerical simulations 
(runs 2aand 2b) made atthe higher Rayleigh number 
indicate the sensitivity of the predicted Nusselt 
number to differences in the details of a surface 
temperature specification. The disagreement in the 
Nusselt numbers at the lower Ra, value is thought to 
be due to the sensitivity of the Nusselt number predic- 
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Horizontal Centerline (x/H = 0.5) Temperature Profile 
Ra, = 2.4 x 10°, Tavg =25.7°C, AT* = 10.8°C 
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Fig. 5. Comparison of code predictions to experimental! 
results for the extent of stratification in the core 


region for Ra. = 2.4x10°. 
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Horizontal Centerline (x/H = 0.5) Temperature Profile 
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Fig. 6. Comparison of code predictions to experimental 
results for the extent of stratification in the core 
region for Ra, = 4.7 x 10°. 


: Surface Temperatures 
Ra, Exper: for 
mental Numerical Simulations 


1 2.4 x 10° 79 +12 105 
168 

165 + 12 
201 


Table 1. Comparison of Hot Wall Nu). 
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ar nena 


tion to the details of the (unmeasured) surface 
temperature distributions. 


A Full-Scale Experiment 


Natural convection was investigated by Ruberg 
[23] at the Massachusetts Institute of Technology in 
the full-sized test room shown schematically in Fig. 7. 
The conditions of this experiment correspond more 
closely to those in a real building. Heat was supplied 
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Plane of 
Observation, 


345 cm-p| AA. 
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~~ 


345 cm 


Plexiglas 


Window 
Heater Plate 


Position Ge F° 


Ambient Air Temperature 21.4 70.5 


Room Air Temperature 40.6 LOSs 


~- Heater Plate Temperature 64.7 148.5 


Fig. 7. Schematic diagram of Ruberg’s full-scale test [23]. 


to the test room by an electric resistance heater plate 
on the floor. A single-pane window was located on 
one wall of the enclosure. Though the window repre- 
sents only 2 percent of the envelope area of the test 
room, it dominated the thermal load; 22 percent of the 
total heat loss was measured to be through this sur- 
face. Steady-state conditions were maintained by 
controlling the temperature of the air outside the test 
room to within + 0.2°C (0.4°F) of its average value. 
The construction was sufficiently airtight that the 
effects of infiltration could be ignored. 

The heater plate configuration was intended to 
represent a solar irradiated area on the floor; its rec- 
tangular shape and its size [1.16 m? (12.5 ft?)] were 
well matched to those of the 1.12-m? (12-ft?) window, 
and its heating capacity [448 W/m? (142 Btu/hr ft?)] 
was selected to approximate solar radiation falling on 
a dark-colored floor with low thermal capacity at 
noon on aclear day at 40°N latitude. The parameters 
for this experiment were: 


A = 0.58, 
Pr=0.71, and 
Rar>s26 1010. 


Convection observed in the test room was char- 
acteristic of the transition regime between laminar 
and turbulent flow. A schematic of the air flow pat- 
terns is shown in Fig. 8. Note the essentially three- 
dimensional character of the flow. 

Air temperatures were measured with a vertical 
array of 11 thermistors mounted on a motorized 
boom which traversed the test room in the meas- 
urement plane. The array had 20-cm (8-in.) vertical 
spacings in the center and 10-cm (4-in.) spacings 
near the ceiling and floor; data were recorded at 20- 
cm (8-in.) horizontal intervals as the boom moved 
across the room. This resulted in a grid of 11 x 18 
temperature data points in the measurement plane 
which perpendicularly bisects the window and the 
heater surfaces (plane AA in Fig. 7). 
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Fig. 8. Schematic of air-flow patterns in Ruberg’s experi- 
ment [23]. 


Temperature measurements were converted to 
isotherms separated by intervals of 5 percent of the 
maximum surface-temperature difference in the room. 
The isotherms were referenced to the mean tempera- 
ture of the room, indicated on Fig. 9 as 0.000. The 
three sets of isotherms represent data from three 
separate measurements of air te.nperatures under 
identical conditions. From the ‘.otherms, the air flow 
patterns shown in Fig. 8 may Je discerned: the plume 
over the heater plate, alayer of warm air at the ceiling, 
a cool air current att’ window and along the floor, 
and a somewhat iso’ ermal area in the center of the 
room. For more details of this experiment, see Ref. 23. 

Data from this full-scale experiment were com- 
pared with the predictions from the three-dimensional 
version of the numerical code. The surface tempera- 
ture profiles used in the analysis were estimated from 
the available data using a thermal balance technique. 
Itis noted that the effects of radiation on the tempera- 
ture probes are expected to bias the measured air 
temperatures toward higher values by an unknown 
amount. This effect was not accounted for in the 
thermal balance. This bias also affects the compari- 
sons between the isotherms predicted by the numeri- 
cal scheme (Fig. 10) and the experimental results 
(Fig. 9). Also, as noted above, the observed flow was 
in the transition regime (between laminar and fully 
turbulent), but was simulated with a numerical code 
assuming laminar flow. In light of these limitations, 
the agreement is satisfactory. 

The validations described here have been per- 
formed with the available experimental data covering 
the range of interest of the important dimensionless 
parameters. The discrepancies between the predic- 
tions and the observations are thought to be under- 
stood, at least qualitatively. The computer program 
appears to simulate the convective flow correctly for 
Ra, <5 =x 10'°. The second phase of the ongoing 
small-scale experiment at LBL is expected to provide 
quantitatively a sound basis for further validation of 
the computer code at higher Rayleigh numbers. 

The computer program, in its present validated 
form, has been used to study the influence of natural 
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Fig. 9. Ilsotherms measured in Ruberg’s experiment [23]. 
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Fig. 10. Isotherms predicted by three-dimensional numer- 
ical code. 
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convection on the thermal performance of a single 
room in a direct gain passive solar building. This is 
described in the next section. 


Convection Effects in Building 
Energy Analysis 


Most building energy analysis techniques, includ- 
ing the most sophisticated computer codes (BLAST™*, 
DOE-2}+, etc.) and other passive solar system analysis 
programs, make the simplifying assumptions that (1) 
the air temperatures throughout the volume of the 
individual zones in the structure are uniform, and (2) 
the convection heat transfer coefficients for the sur- 
faces of the building being analyzed are constants. 
These assumptions are largely consistent with the 
state of knowledge regarding convection at the time 
the codest were developed. In a preliminary study 
[15], it was shown that convection coefficients at the 
surfaces of an enclosure are actually quite sensitive 
to the temperature distributions on the surfaces. To 
estimate the effects of this observation on the accu- 
racy of results from the programs, the convection 
code was used iteratively with BLAST to obtain self- 
consistent surface temperature distributions and 
convection coefficients.** 

The south-facing zone (S-zone in Fig. 11b) of a 
multizone building was studied. The floor plan of the 
building is shown in Fig. 11a. Figures 11b and 11c 
show the thermal zones used in the BLAST simula- 
tions. The building has been thoroughly described 
elsewhere [28]. This zone has dimensions of 3.7 m 
wide x 9.2m long x 2.5m high (12 ft x 30 ft x 8 ft). For 
the purpose of this study, the following modifications 
to the zone were made. The interior of the analyzed 
zone was made up of 14 surface segments. The two 
“end surfaces” (the east partition wall and the west 
exterior wall) measured 2.5 m x 3.7 m (8 ft x 12 ft) 
and were very highly insulated. The other four major 
surfaces (ceiling, slab floor, gypsumboard north par- 
tition wall, and the south exterior wall) were each 


* BLAST (Building Loads Analysis and System Ther- 
modynamics) is copyrighted by the Construction 
Engineering Research Laboratory, U.S. Depart- 
ment of the Army, Champaign, Illinois. 


+ DOE-2 is a public domain program being devel- 
oped by the Division of Communities and Building 
Energy Systems, U.S. Department of Energy. 


+ Some of the codes do utilize convection coeffi- 
cients for nonvertical surfaces which are sensitive 
to the direction of heat flow, but not to the magni- 
tude of the temperature difference between the 
room air and surface or to the possibly large effects 
induced by the differences in the temperatures of 
the different surfaces defining the zone. 


** The convection heat transfer coefficient (CHTC) 
for a given surface is defined by the relation CHTC 
= g/AT where q = heat flux from the surface into 
the room air, AT = (average surface temperature) 


- (room air temperature). 
Vol. 1, No. 1 
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Fig.11b. Floor plan showing thermal zones for BLAST 
simulation. 


iz m (4 ft) 


Loe m (2.5 ft) 


Fig. 11c. Cross-section for BLAST simulation. 





divided into three equal subsurfaces (see Fig. 12). 
The individual subsurfaces extended the full 9.2-m 
(30-ft) length of the zone. The middle section of the 
south wall was specified as double-pane window. 
Iterative analyses were performed for both the night- 
time (loss) and daytime (gain) modes for a selected 
winter design day. 

For each iterative sequence of calculations, BLAST 
was first used to calculate the surface temperatures 
of each subsurface defining the zone for each hour of 
the design day using the standard constant convec- 
tion coefficients. BLAST performs a full thermal bal- 
ance on all surfaces of the zone under study and the 
zone air. The surface thermal balance accounts for 
thermal radiation between zone surfaces; convection 
between zone air and each surface; conduction 
through each surface; and radiative gains from occu- 


35 


Calculated and < standard assumed > values. 
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Fig. 12. Convection coefficients (W/m? °C) between the 
room air and the interior subsurfaces of a single 
zone in a house. Steady state (daytime) heat gain 
mode. 


pants, lights, equipment, and transmitted solar energy. 
The thermal balance on the air accounts for convec- 
tive gains from surfaces, occupants, lights, and 
equipment and for controlled and uncontrolled venti- 
lation. For this study, the relevant output from BLAST 
was the distribution of temperatures of the subsur- 
faces defining the zone boundary. From the design 
day results, two hours were chosen for further analy- 
sis of convection: one hour at night when the zone is 
in the loss mode and one hour during midday when 
the zone is in the solar gain mode. 

Because of the zone geometry and the distribution 
of the surface temperatures, the convective flow was 
expected to be two-dimensional. The subsurface 
temperatures calculated by BLAST were input to the 
two-dimensional convection code to simulate the 
details of the convection process and to calculate 
convection heat transfer coefficients for each subsur- 
face. These coefficients were then used as input to 
BLAST to obtain the new subsurface temperatures. 
These temperatures were again used as input to the 
convection code, and the entire procedure was iter- 
ated until self-consistent results were obtained. Sev- 
eral features of the iteration process should be noted 
here. 

e Atthis time, the convection code cannot account 
for sources and/or sinks of thermal energy inthe 
air volume under study. Therefore, the BLAST 
simulation did not include auxiliary heating 
and/or cooling of the zone in which the convec- 
tion was to be analyzed; the zone temperature 
was free-floating though adjacent zones were 
heated. This limitation led to the selection of an 
exterior dry-bulb temperature for the design day 
such that the zone air temperature would float 
near a typical daytime thermostat (nighttime 
thermostat setback) temperature. These tem- 
peratures are shown in Figs. 13 and 15. 

e During the loss mode (nighttime) iterations, the 
north partition wall, representing a warm stor- 
age wall, and properly accounting for the exis- 
tence of a conditioned zone to the north, was 
held at a constant temperature and was the 
primary heat source for the zone. During the 
gain mode (daytime), only the two subsurfaces 
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With calculated and < with standard assumed > 
convection coefficients. 
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Fig. 13. Surface temperatures (°C) on the interior subsur- 
faces of’a single zone in a house. Steady state 
(daytime) heat gain mode. 


of the slab floor closest to the north partition 
wall were irradiated by solar transmission 
through the south glazing. This configuration 
corresponds to midday conditions during the 
winter (solar altitude = 30°). These subsurfaces 
were the primary heat source for the zone, and 
their surface temperatures were held constant 
throughout the iteration process. Here, too, the 
effect of the adjacent conditional zones was 
properly accounted for by the BLAST analysis. 
The glass was also held at a constant surface 
temperature during the gain mode. 

e Adesign day with varying ambient temperatures 
and other environmental parameters was used 
initially to calculate the starting points for the 
iteration scheme, but during the iterations steady- 
state external conditions were assumed to ob- 
serve convergence more clearly. Since the 
BLAST simulations assumed no auxiliary heat- 
ing or cooling in the zone being analyzed, the 
exterior temperature was Selected to ensure that 
reasonable comfort conditions were maintained 
in the zone with the specified constant surface 
temperatures described. 

The results of the detailed convection analysis are 
summarized in Figs. 12-15. The surface temperatures 
and convection coefficients obtained both with and 
without the iterative procedure using the convection 
code are shown in these figures. More detailed heat 
transfer data for the two modes are given in Tables 2 
and 3. In these tables, subsurfaces are numbered 
sequentially around the zone; results for the thermal 
parameters for each subsurface appear in the table. 
Case | refers to standard assumptions, and Case II 
refers to the values after the iterations. 

The convection coefficients are seen to change 
substantially from their standard assumed values for 
most of the surfaces. This is particularly true during 
the loss mode in which strong boundary-layer flows 
develop along both the warm north wall and the cold 
south window. During the gain mode, circulation 
induced by large, warm areas of the floor does not 
contain such strong boundary-layer flows. The bal- 
ance point air temperature (mean radiant tempera- 
ture) for the zone is observed to change by 0.51°C 
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Standard Building Energy Values After Iteration 
Analysis Assumptions With Convection Code 


Subsurface 
Location c¢ 


Subsurface 
Number 


Surface W/m2 °C 


South Top 
Exterior Middle/Window 
Wall Bottom 


Slab-On 
Grade 
Floor 


South 
Middle 
North 


North Bottom 
Partition Middle 
Wall Top 


North 
Middle 
South 


Tair = 20.93, Tmr|t = 20.96 


Tain = Average Temperature of Air in the Zone, °C 





Convective 
Heat Flux 
Surface Convection From Zone From Zone | Surface Convection From Zone From Zone 
Temp. Coefficient To Surface To Surface 
W/m? 


Total 
Heat Flux 


Total 
Heat Flux 


Convective 
Heat Flux 


Temp. Coefficient To Surface To Surface 
W/m? 2G W/m? °C W/m? W/m? 


4.27 2.99 
1.97 20.41 
Sa -3.24 


7.18 0.22 
2.73 0.08 
1.64 0.05 


2.47 -15.44 
1.60 -10.02 
1-15 -7.20 


8.90 7) 
ueace 0.69 
0.85 0.50 


Tan = 20.4207 ans = 20.40 


Turt = Mean Radiant Temperature in the Zone, °C 


Table 3. Convective Analysis of a Single Zone, Loss Mode (Figs. 14 and 15) 


would be nearly twice as rapid as that from the top 
portions. Another interesting feature is the very large 
convection coefficient [8.9 W/m?°C (1.56 Btu/hr 
ft?°F)] for the portion of the cool ceiling directly 
warmed by the updraft from the warm north wall. 
Since the ceiling was well insulated, the temperature 
difference between this portion of the ceiling and the 
room air was decreased (by about 50 percent) with 
only a negligible change in the heat loss to the attic. 

The results presented in Table 3 show that dur- 
ing the gain mode, the convective heat transfer from 
the floor to the air is reduced by about a factor of two 
when correct convection coefficients are used. This 
contributes to the observed lowering of the air tem- 
perature in the zone. Total heat transfer to the nonil- 
luminated massive north partition wall is reduced by 
only approximately 20 percent. Also, losses from the 
south window are reduced by about 8 percent; this 
change is about equally split between reductions in 
convection and radiation. 

During both modes of operation, the portion of the 
south wall directly below the double-pane window 
encounters a downdraft of cold air that has lost heat 
through the window. This downdraft of air is actually 
colder than the interior surface of the bottom portion 
of the south wall (this surface is warmed by radiative 
exchange with the other surfaces of the zone). Thus, 
although the bottom section of the south wall is actu- 
ally cooler than the average room temperature, it 
deposits heat into the cold downdraft flowing across 
it. This has resulted in a negative convection coeffi- 
cient for this subsurface (the convection coefficients 
are defined with respect to the average room air 
temperature). 

From a practical viewpoint, convection coeffi- 
cients and surface temperatures are of little real 
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interest except as they influence comfort levels and/or 
thermal load. Here, the building load is a quantity of 
fundamental interest. To estimate the effect on the 
thermal load of a change in any building parameter, 
the accepted “exact” method (i.e., coheating) is de- 
scribed as follows: The building temperature is main- 
tained at a constant level before and after the para- 
metric change by introducing a heat source/sink of 
appropriate magnitude. The difference between the 
heat supplied/removed by the source/sink in the two 
cases gives the effect of the parametric change on the 
building load [29]. 

Since the BLAST simulations described here did 
not include heat sources/sinks, a less exact method 
based on the balance point air temperature was used 
to estimate the effect of the changed convection coef- 
ficients on the zone load. This method was calculated 
(using aradiation balance technique) to bein error by 
less than 2 percent (with respect to the results of the 
“exact” coheating method) for the configuration 
under study. 

The zone under examination was simulated by 
BLAST with two different thermostat control profiles. 
The “base case” thermostat settings were (arbitrarily) 
set at 21.1°C (70°F) for daytime (gain mode) heating 
and 16.7°C (62°F) for nighttime (loss mode) heating. 
The base simulation assumed the same external 
weather conditions as used in the iteration proce- 
dures for the two modes of operation. Iterations with 
the convection code had predicted changes in the 
balance point air temperatures of 1.7°C (3°F).and 
0.5°C (1°F) for the gain and loss modes respectively. 
The net effect of the balance point change would be 
to decrease the cooling load and/or increase the 
heating load. Therefore, during the second load cal- 
culation the second thermostat profile was set at 
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Calculated and < standard assumed > values. 
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Fig. 14. Convection coefficients (W/m? °C) between the 
room air and the interior subsurfaces of a single 
zone in a house. Steady state (nighttime) heat loss 
mode. 


(0.56°C) [1°F(1°F)] and 1.74°C (1.08°C) [38°F (2°F)] 
for the loss and gain modes, respectively. 

The thermal behavior of the zone during the loss 
mode changes less than might be expected. The fol- 
lowing considerations are relevant to this observation: 

e The surfaces that are coupled to the room air 

through larger convection coefficients in Case II 
have smaller resulting temperature deviations 
from the room air temperature than in Casel. On 
the other hand, the surfaces that are coupled to 
the room air through smaller convection coeffi- 
cients in Case II tend to have larger resulting 
temperature deviations from the room air than in 
Case |. This has a moderating influence on what 
otherwise would have been larger changes in 
the convective (and radiative) heat fluxes. 





With calculated and < with standard assumed > 
convection coefficients. 
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Fig. 15. Surface temperatures (°C) on the interior subsur- 
faces of a single zone in a house. Steady state 
(nighttime) heat loss mode. 


e Radiative exchange is of the same order of mag- 
nitude as convection in thermally coupling the 
zone surfaces to one another. For this reason, 
changes in the convective heat flux will have a 
smaller percentage effect on the total heat flux 
(convection + radiation) from a surface. 

During the loss mode, the convective heat flux 
from the warm north wall shows a significant varia- 
tion along its height [15.4 W/m? (4.9 Btu/hr ft?) from 
the bottom of the wall to 7.2 W/m? (2.3 Btu/hr ft?) from 
the top]. As cold air warms at the bottom of the north 
wall and rises, the upper portions of the wall encoun- 
ter relatively warmer air and can contribute relatively 
less heat to this air. If this north wall were a heat 
storage system, in this configuration the convective 
recovery of heat from the bottom portions of the wall 


Standard Building Energy Values After Iteration 
Analysis Assumptions With Convection Code 


Convective Total Convective Total 

Heat Flux Heat Flux Heat Flux Heat Flux 

Surface Convection From Zone From Zone | Surface Convection From Zone From Zone 

Subsurface Temp. Coefficient To Surface To Surface | Temp. Coefficient To Surface To Surface 
Location EG W/m2°C W/m? W/m? ec W/m2°C W/m? W/m? 


Subsurface 


Surface 


South Top 3.08 5.14 2.34 3.63 
Exterior Middle/Window 3.08 33.54 267 DTA 
Wall Bottom 3.08: > 5.14 -2 64 =F 81 


Slab-On 
Grade 
Floor 


South 4.04 
Middle 4.04 
North 4.04 


22:22 0.74 2.98 
-33.89 1.86 -18.30 
-33.89 1.56 -15.40 


North Bottom 3.08 4.96 2.67 3.08 
Partition Middle 3.08 4.96 1.88 2.54 
Wall Top 3.08 4.96 2.38 2.98 


Ceiling 10 
To 11 
Attic 12 


North 0.95 0.95 1.31 1.45 
Middle 0.95 0.95 0.57 0.65 
South 0.95 0.95 0.60 0.69 


Tain = 26.61, Twat = 29.91 


Tinie 2A Oni Tie odes 


Taig = Average Temperature of Air in the Zone, °C Tuat = Mean Radiant Temperature in the Zone, °C 





Table 2. Convective Analysis of a Single Zone, Gain Mode (Figs. 12 and 13) 
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22.8°C (73°F) (21.1°C + 1.7°C) for daytime heating 
and 17.2°C (63°F) (16.7°C + 0.5°C) for nighttime 
heating. 

The results of the BLAST runs using these two 
different thermostat control profiles are shown in 
Table 4. The calculated percentage increase in the 
zone load for this particular case is seen to be quite 
large. It is noted that the small magnitude of the 
calculated thermal load represents the load through 
one external wall of one zone, and is only a fraction 
(about 20 percent) of the total building load. 









Thermostat |__—sThermostat Settings = 








|___Thermostat Settings | corresponding Calculated 


Toay TNight Convection Thermal 
(7:00 am a 11:00 pm) | (11:00 pm = 7:00 am)| Coefficient Load* 
Assumption 
Constant 
Variable 


kWh/Day 
“Assuming no internal loads and no infiltration 









Table 4. Influence of Variable Convection Coefficients of 
Calculated Thermal Loads from BLAST. 


The results presented here suggest that energy 
analysis of passive solar systems must include a more 
detailed representation of natural convection pro- 
cesses than current techniques allow. The iterative 
procedure described in this section has intentionally 
assumed somewhat oversimplified building occu- 
pancy and performance parameters (e.g., no internal 
loads, no infiltration, etc.). Though the example is not 
directly representative of real buildings, the simplify- 
ing assumptions are not expected to be the source of 
the observed discrepancies. These discrepancies are 
not expected to have been amplified by the simplify- 
ing assumptions unless the building is so dominated 
by occupant effects and operation that the natural 
convection processes become relatively small in 
comparison to forced convection. This is contrary to 
experience (e.g., Ref. 1) and to intuition. To more 
definitively assess the importance of convection 
effects on building loads, the convection analysis 
code described here will be modified. The new pro- 
gram will allow the addition of heat sources/sinks to 
the enclosure so that the balance point approach to 
calculating the change in building load can be 
replaced with the more exact coheating analysis. The 
capability of modeling turbulence is also planned. 


Summary 


A numerical technique for modeling natural con- 
vection in room geometries has been developed. The 
numerical predictions from this technique have been 
compared with various published data and demon- 
strate satisfactory agreement. The results from a 
small-scale and a full-scale experiment studying nat- 
ural convection in room geometries have been pre- 
sented. Thenumerical predictions are compared with 
tne results of these experiments; the agreement is 
also satisfactory. The convection code has been used 
in conjunction with the BLAST computer program to 
investigate the thermal behavior of a realistic direct- 
gain zone configuration. The results indicate that: 
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e The detailed modeling of convection may havea 
significant effect on the zone air temperature 
and the mean radiant temperature. 

@ More carefully calculated values of the convec- 
tion coefficients can be substantially different 
from the values currently assumed by the stan- 
dard building energy analysis methods. 

e The convection coefficients for a particular sur- 
face can have large diurnal variations. 

e The convection coefficients can show a signifi- 
cant variation across a given zone surface. 

e Such variations in convection coefficients can 
have substantial effects on thermal loads for a 
structure. 


Glossary of Technical Terms 


Buoyancy-Driven Convection: Convection driven 
by differences in the density of air at different 
temperatures within a space. This is sometimes 
also referred to as free or natural convection. 

Zone: A room (or enclosure) in a building within 
which the air temperature (or comfort conditions) 
can be assumed to be homogeneous to an ade- 
quate approximation. These comfort conditions 
can then be calculated from the incident solar 
radiation, heat gain/loss through the exterior sur- 
faces of the zone, internal heat gain within the 
zone, the rate of air exchanged with the outdoor 
environment and neighboring zones, etc. 
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Abstract A methodology for evaluating the relative market 


potentials of various solar technologies on a city-specific 
basis is presented. The methodology, selection of attri- 
butes and weighting factors, and the development of data 
bases for the model are described and analyses run for four 
regions of the country. 





Introduction 


A significant number of economic analyses have 
been conducted in the last five years to try to predict the 
effects of solar energy use on the national energy econ- 
omy. The work has focused on computer simulation 
models of the economic and engineering performance 
of various active solar technologies. Several models 
have attempted to predict the market penetrations of 
various solar technologies into the existing fossil fuel 
residential space and water heating market. These 
market penetration models rely on comparative cost 
data and logistic technology substitution curves. They 
are generally aggregated to a regional or national level 
and, therefore, have no benefit for analysis of local 
markets. Their primary focus is to evaluate policy deci- 
sions that are made at a national level, using theoretical 
economic behavior as their basis for prediction [1]. 

The high level of aggregation in these models makes 
them of little use to those trying to implement state or 
local programs to stimulate the use of solar energy. It is 
well recognized that local market conditions vary 
widely for various solar technologies and are based on 
many economic, technical, and sociological factors 
[2,3]. If policy makers and implementers are to make 
rational decisions that will efficiently increase the use of 
solar technology, they must have tools to evaluate 
local, state, and regional market conditions. 

The Department of Energy (DOE) and the Regional 
Solar Energy Centers (RSEC) expressed a need for an 
evaluation method to determine the relative market 
potential of various solar technologies on a city- 
specific basis. To respond to this need, the Los Alamos 
Scientific Laboratory (LASL) Modeling and Economic 
Analysis Group (S-2) developed a Market Potential 
Indexing (MPI) technique to undertake city-specific 
comparisons [4-6]. The approach, based upon the 
management science technique of multiattribute deci- 
sion analysis, hypothesizes that the market potential for 
passive solar energy in a given locale is a function of a 


fixed number of identifiable and quantifiable attributes. 
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The attributes, varying according to building type 
(single-family, multifamily, mobile housing) and new or 
retrofit construction, are evaluated and scaled using 
either positive or negative sensed data and assigned a 
value (between O and 100) for each attribute in each 
city. Because each attribute has a different relative 
importance to passive solar market potential, weight- 
ing factors assigned to each attribute reflect these dif- 
ferences. The weighted attributes are then summed to 
provide a single index value for each of 220 clustered 
county solar performance regions. 

This article describes the development of the Market 
Potential Indexing (MPI) methodology; the results 
Obtained from several preliminary studies; and the 
future plans for research, implementation, and verifica- 
tion of the technique. 


Discussion of 
Market Potential Indexing 


Market Potential Indexing vs. 
Market Penetration Analysis 


Market penetration analysis has been the primary 
technique used by economic modelers in their attempt 
to study the effects of various policy decisions on the 
current energy situation. These studies have attempted 
to predict how alternate energy sources could be made 
more attractive as substitutes for fossil fuel energy. The 
market research literature contains a wealth of informa- 
tion on the use of “logistic substitution Curves” as pre- 
dictive techniques for market penetration of alternative 
technologies [7,8]. 

The models are supposed to indicate how buyers will 
react to the relative economic competitiveness of a 
current technology as compared to a new one. The 
pattern of change is usually predicted solely on the 
basis of estimated economic advantage [9]. This model 
has some validity when applied to the commercial/in- 
dustrial environment where most decisions are based 
primarily upon rational economic reasoning processes. 
When one is dealing with the public sector, however, 
many other factors enter into the decision processes 
[2], and the current market penetration models are not 
equipped to take these additional social/behavioral fac- 
tors into account. Thus, their predictions may have no 
relevance for analysis of short-term, local market con- 
ditions [10]. 


41 


At present, few market analysis tools other than the 
market penetration models are available to those charged 
with implementing passive solar energy usage goals, 
and the penetration models do not adequately define 
local markets for passive solar energy. If the DOE- 
established goal of stimulating the use of passive solar 
energy is to be realized, both the demand and supply 
sides of each local market must be analyzed to deter- 
mine what measures will be most effective for stimulat- 
ing the use and adoption of passive solar designs and 
components in the local housing market. In addition, 
the various local markets must be compared to deter- 
mine where the maximum and minimum market poten- 
tials exist. This can be done through the technique of 
Market Potential Indexing. 

During the past four years, members of the Univer- 
sity of New Mexico (UNM) Resource Economics Group 
and staff from LASL have developed an economic per- 
formance code to evaluate the feasibility of residential 
passive solar space heating systems [11]. The model— 
LASL/UNM EASE III Economic Performance Code—is 
used to provide the technical, economic, and cost input 
data, as well as to structure the geographic market 
boundaries of the MPI model. The LASL/UNM model 
uses 220 clustered county regions, based on the 
SOLMET [12] weather data base, to define a set of 
highly disaggregated data bases. The LASL/UNM model 
is designed to operate with clustered county segments 
which cover the entire continental United States. These 
data are used as the starting point for the market poten- 
tial indexing process (Fig. 1). 

Each local market has a set of common attributes 
(e.g., weather characteristics, solar performance, build- 
ing costs, fuel type usage and costs) which can be 
evaluated. The various attributes have different effects 
on the local market potentials. By using multiattribute 


EASE III Inputs 
Architectural Considerations 
Solar Design and Performance 
House Type and Heating Load 
Economic Considerations 
Conventional Energy Costs 
Add-on Solar Costs 
Financial Information 


EASE III* 
Model 


Economic Indicators 
Solar Savings 
Fraction 
Btu Displaced 
Dollars Saved 
Payback Measures 


Attribute Inputs 
Housing Starts : 
Conventional Fuel Use 
Government Incentives 
Population Growth 
Buyer Income Characteristics 


Attribute Data 
Raw 
Normalized 
Weighted 
MPI Index 
Attribute Rankings 
Graphics 


* EASE Ill — Economic Assessment of Solar Energy 
** MPI — Market Potential Indexing 





Fig. 1. Relationship between the EASE II! and MP! models 
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decision analysis techniques, one can construct a 
quantitative market potential model which will allow 
comparison among the various local markets. 


Structure of the Methodology 


The first step in any market analysis effort is to define 
the market(s) to be analyzed. This process, done on 
several levels, is typically called “Market Segmenta- 
tion.” Geographic boundary is the first level of market 
segmentation in the market potential indexing method- 
ology. The structure of the LASL/UNM model divides 
the continental United States into 220 clustered county 
segments. This division process was dictated by the 
structure of the SOLMET weather data base and the 
LASL Q-11 load-collector-ratio (LCR) passive solar 
performance tables [13]. There is a reasonably good 
correlation between these clustered county segments 
and the population centers of the United States. 

Once the national market is segmented geographi- 
cally, the next steps of market segmentation become 
more complex. The goal of the segmentation process is 
to divide the market into units which can be analyzed 
for the potential of energy substitution by the use of 
solar technologies. Figure 1 illustrates the market seg- 
mentation structure used with LASL’s market potential 
indexing methodology. Many other structures could be 
used, but this one was chosen because it fits best with 
the data structure of the LASL/UNM model. 

As Fig. 2 illustrates, the next level of segmentation is 
the market sector split. At this level, the market is 
divided into three sectors: residential, commercial, and 
industrial/agricultural. These categories were chosen 
because they exhibit distinctly different patterns of 
building and plant energy equipment purchase, and 
financial motivation. 

Residential building structures are usually charac- 
terized as having skin-dominated heating and cooling 
energy loads. The passive solar performance data gen- 
erated by the LASL Q-11 Solar Energy Group are 
directly applicable to residential, skin-dominated build- 
ing structures, so the separation of residential buildings 
as a market segment becomes quite sensible. 

Most larger scale commercial buildings are internal- 
load dominated: that is, very often, cooling demands 
result from internal heat generated by lights, people, 
and operation of mechanical equipment. In addition, 
commercial buildings are usually characterized by mul- 
tizone heating/cooling/lighting demands, so sophisti- 
cated distribution and ventilation HVAC equipment is 
installed to provide space conditioning. These factors, 
combined with the difficulty of collapsing performance 
data for passively tempered commercial buildings into 
simplified performance factors (as with the LCR method 
for residential applications), justify the separation of 
these building types as a distinct market segment. 

A final market segment for building energy con- 
sumption is the industrial/agricultural sector. Although 
buildings in this sector do require space conditioning, 
the majority of energy use relates to process energy 
needs in the form of direct electric drive, direct heat, 
process steam, or hot water. The current structure of 
the LASL/UNM model and the primary emphasis of 
LASL S-2’s passive solar work prohibit the considera- 
tion of the market potential for passive solar energy in 
this segment. However, with some reformulation and 
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Fig. 2. Market segmentation structure of the MPI model 
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adequate solar performance data, market potential 
indexing could be applied to this sector as well. 

The present emphasis of the market potential index- 
ing methodology is on the residential sector, because 
of the availability of data from the LASL/UNM passive 
economic performance model. As more data are col- 
lected for the commercial sector, the scope of the 
methodology can be broadened. 

The next level of segmentation within the residential 
sector divides the market into two segments: new con- 
struction and retrofit. The majority of engineering 
research and economic analysis of passive solar tech- 
nology has been applied to new construction. This 
stands to reason since passive techniques are most 
effective when designed into a structure. However, if 
one looks at the amount of potential energy savings 
through new construction versus retrofitting the exist- 
ing housing stock, it is clear that the retrofit market 
must be addressed. Retrofitting the existing housing 
stock with passive or hybrid techniques poses some 
unique engineering and economic problems; thus the 
market has some characteristics significantly different 
from those of the new construction market. The MPI 
methodology is divided into two sections to account for 
these differences. 

Any analysis of the market potential for passive 
solar energy must consider the number of different 
designs and components available for collecting, 
storing, distributing, and controlling the energy. 
Each passive application has its own set of character- 
istics which makes it more or less adaptable to the 
various markets encountered. Some technologies 
are very adaptable to retrofit situations; others are 
appropriate only in new construction. This variation 
in characteristics can be integrated into the method- 
ology so that market potentials can be evaluated for 
each of the various solar technologies. 
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Retrofit 


Multi- Mobile 
Family Home 


The final level of market segmentation used in MPI 
is division by housing type: single family (both at- 
tached and detached), multifamily, and mobile home. 
These categories, used to segment both the new 
construction and retrofit markets, were chosen 
because they exhibit widely varying architectural 
design characteristics, ownership characteristics, 
and fuel consumption patterns. 

Once this final level of market segmentation has 
been established, the goal of the analysis technique 
is to establish a market potential index for each resi- 
dential segment in each geographic location. 


Single 
Family 
Attached/ 
Detached 


Description of the Methodology 


Use of Multiattribute 
Decision Analysis Techniques 


The structure of the evaluation problem posed by 
market potential indexing fits very well into an area of 
management science known as “Multiattribute Deci- 
sion Analysis.” The mathematical techniques which 
come from this discipline are designed to evaluate deci- 
sion processes in which there are multiple objectives, 
both quantitative and qualitative in nature, typically in 
conflict with each other. The problem is essentially one 
of making value tradeoffs of one objective against the 
other [14]. 

In the market potential indexing problem, 220 sepa- 
rate geographic market segments areto be evaluated. A 
set of common characteristics (attributes) can be deter- 
mined which apply to all of the market segments. 
Knowledge of the status of each of these attributes fora 
particular market will help to determine the market 
potential for that segment as compared to the other 
market segments. Some attributes will affect the market 


43 


potential more than others; therefore, a method for 
weighting the value of each attribute is incorporated in 
the value function. 


Development of the Primary Value Function 


Review of the decision analysis literature revealed 
that the most applicable form of a value function is the 
additive form [14,15]. This form is basically the same 
technique used by the Solar Energy Research Institute 
(SERI) for the value function in its Commercial Read- 
iness Assessments Methodology [16]. Equation 1 is the 
primary value function for the market potential index- 
ing methodology. 


n 
Pj = Ds W; V; (Aij) where, (1) 
j= 
V, (Aj) = The value function of the j™ attribute for 
the i" market segment 
W, = The weighting factor for the /" attribute 


Equation: 2 gives an additional constraint on the 
weighting factors. This constraint is based on the 
assumption that each attribute contributes a frac- 
tional portion to the total index value, thus the 
weighting factors specify that fractional portion. 
Since the total of all fractional parts can be no greater 
than the whole, this constraint must be imposed. 


> w=! (2) 


Development of the Attibutes and 
Their Value Functions 


A set of common characteristics (attributes) can be 
determined which, when evaluated, will provide insight 
to the operation of any market region. Many attributes 
affect the operation of a market system. For MPI analy- 
sis, we have divided these attributes into “objective” 
and “subjective” categories. Objective attributes are 
readily identifiable, accurately measured or predicted, 
and not directly influenced by subjective conditions in 
the marketplace. Subjective attributes, on the other 


Objective 


Predicted Solar Cost/Performance 
Housing Starts 

Housing Stock 

Insulation Levels 

Fuel Use Patterns 

Current Fuel Prices 

Income Levels 

Predicted Population Growth 
Tax Incentives 

Solar Investment Cash Flow 
Tax Burdens 
Zoning/Building Codes 


hand, are usually identifiable but are most difficult to 
measure and/or quantify. Examples of each type of 
attribute are presented in Table 1. 

In a general sense, the objective factors would deter- 
mine both market potential and rates of diffusion in a 
perfectly rational economic marketplace. However, 
many of the subjective factors can have a tremendously 
strong impact on both potential and penetration and 
therefore should be considered in a thorough MPI anal- 
ysis. The difficulty, of course, is to translate these sub- 
jective attributes into quantifiable terms and to conduct 
the actual data collection in a cost-effective manner. 


Attribute Identification 


The initial step in developing the MPI methodology 
was to establish a set of objective attributes using the 
data available in the LASL/UNM EASE III model and 
other commonly available sources. This set of attri- 
butes covers only the new construction, single-family, 
residential market sector. 

Market research field studies currently being con- 
ducted by Market Facts, Inc., SERI, and the RSECs will 
help define the nature and magnitude of the subjective 
attribute influences. Data collected in the Household/ 
Builder market surveys will be used to formulate initial 
quantitative values for the subjective attributes and will 
form the basis for further MPI analysis. The value func- 
tions for each of the objective attributes are described 
below. 


Ai Solar Performance (W; = 0.18) 


4 
Ae TCSOL 
Ai = > SFDISP,, FF. where, 

Ai = Solar Performance attribute value 
($/MMBtu/year/home) 

k = Fuel types (1 = natural gas, 2 = heating 
oil, 3 = electric resistance, 4 = electric 
heat pump) 


TCSOL, = Total cost of solar system ($) in the i” 
market region 


SFDISPix = Annual solar savings (MMBtu/year/home) 


FFix = Fraction of newly constructed homes in 


the i” market region using fuel type k 


Subjective 


Aesthetic Preference of Designs 
Grassroots Networking 

Political Climate 

Social Advantage - “Snob Appeal” 
Investment Decision Criteria 
Resale Value 

Risk Perception 

Utility Policies/Attitudes 





Table 1. Examples of Objective and Subjective MPI Attributes in the Residential Buildings Sector 


a4 


Passive Solar Journal Vol. 1,No.1 January 1982 


The solar performance attribute describes the amount 
of energy savings that can be achieved per dollar of 
solar investment, taking into consideration the total 
cost of the specified solar system, the annual solar 
savings, and the fractional breakdown of housing by 
fuel type. 


Ai2 Energy Market Share (W2 = 0.25) 


4 
Aiz = TNS: HS; > SL. FF, where, 
= CONVF,x 
= 
Ai2 = Energy Market Share attribute value 


(MMBtu/market/region/year) 
= Total national housing starts per year 


= Fraction of total national housing starts 
in the i market region 


SFDISPx = Annual solar savings (MMBtu/year/home) 


CONVFx = Energy conversion efficiency factor 
(MMBtu output/MMBtu input) 


= Fraction of newly constructed homes in 
the i market region using fuel type k 


HS 


FFix 


The energy market share attribute describes the 
potential energy savings for a market region if the 
total market penetration is achieved. (Data Sources: 
LASL/UNM EASE III Solar Economic Performance 
Model; National Association of Home Builders) 


Aiz Consumer Liquidity (W3 = 0.18) 


4 
Ai3 >> YRDPix - YNCFix ° FFix where, 
k=1 


Ais = Consumer Liquidity attribute value 
YRDPi. = Years to recover down payment 
YNCFx = Years of negative annual cash flow 


FFix = Fraction of newly constructed homes in 
the i market region using fuel type k 


The consumer liquidity attribute describes the con- 
sumer's financial obligations and benefits. It measures 
how soon the consumer starts to reap the benefits of 
investment in a solar system. The time to recover down 
payment and years of negative cash flow are the basis 
of this attribute. (Data Source: LASL/UNM Solar Eco- 
nomic Performance Model) 


Ais Consumer Financial Parameters (W, = 0.05) 
MIR. +: PTXR;i 


Ais = where, 
FSLTXR; 
Aia = Consumer Financial Parameters attri- 
bute value 
MIR; = Mortgage interest rate for the i" market 
region 
PTXR| = Effective property tax rate for the i" 


market region 


FSLTXR; = Effective federal, state, and local income 
tax rate for the i market region 
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The consumer financial parameters attribute is struc- 
tured to compare negative tax and interest effects to the 
offsetting income tax deduction benefit. (Data Sources: 
Internal Revenue Service; H & R Block, Inc.) 


Ais Government Incentives (Ws = 0.12) 
Ais = ICIT, + ICIP, + ICIL 


Government Incentives attribute value 


where, 


Ais 
ICIT, Incentives index for income tax credits 
and deductions for the i” market region 
(Laws giving income tax credits were 
allowed two points for each $1000 of tax 
credit. Deductions were allowed from 
two to four points depending upon the 
law structure.) 


II 


ICIP; = Incentives index for property tax defer- 
ments for the i" market region [Property 
tax incentives usually are written as 
exemptions with the value of the prop- 
erty assessed as the value of the prop- 
erty less the value of the solar system. 
Two points were given for an exemption 
up to five years, three points for an 
unknown length of years (we could not 
assume the law would hold indefinitely), 
and four points for up to 20 years. ] 


ICIL = Incentives index for low-interest loans 
and grants (In states where they are 
available, loan and grant incentives are 
usually applied to retrofit solar designs. 
No points were given for retrofit. If a 
grant or loan is available for a new con- 
struction design, one point is allowed.) 


This attribute measures the value of government 
incentives available in the selected market segment for 
installation of passive solar equipment. These incen- 
tives, from the federal, state, and local levels, take the 
forms of tax credits, tax deductions, grants, and other 
cost deferments. (Data Sources: U.S. Department of 
Housing and Urban Development; U.S. Department of 
Commerce) 


Ais Household Income Characteristics 
(We = 0.07) 
Ais = AHIC; where, 


AHIC; = Average Household Income Character- 


istics for the i" market region 


The household income characteristics attribute 
measures the ability of families within the market 
region to afford new housing. Since passive solar 
houses usually carry a premium cost, there is a corre- 
lation between income and the number of passive 
solar houses built in a region. (Data Source: U.S. 
Bureau of the Census) 


Aiz Population Growth (W; = 0.15) 
Aiz = POP: GRi where, 


POP; = The 1980 projected population of the i” 
market region 
GR = The 1980 projected population growth 


rate of the i market region 
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The population growth attribute is a proxy for new 
household formation. The market potential for newly 
constructed passive solar houses will obviously be 
highest where the level of new construction starts is 
highest. (Data Source: U.S. Bureau of the Census) 


Additional Attributes 


This list of attributes is by no means totally represent- 
ative of all of the factors affecting the market potential 
for passive solar technologies. The list was chosen 
because the data are readily available and easily manip- 
ulated using the existing LASL/UNM EASE III code. 
Tasks in the next phase of development for the meth- 
odology will add additional subjective attributes and 
associated data bases to develop a more complete 
model. 


Attribute Normalization 


By reviewing the list of attributes, one can readily see 
that they are measured in many different dimensions. 
Each measurement must be transformed into a dimen- 
sionless utility number that reflects its “goodness” or 
“badness.” This is done by developing a transformation 
function for each set of attribute data. The data set fora 
particular attribute is assembled from each of the 220 
market segments. The maximum and minimum values 
are determined for the data set, and a range of values is 
defined over which the value of the utility function can 
vary from 0 to 100. Finally, a functional relationship is 
developed which allows a utility number to be evalu- 
ated from any measured value in the attribute data set. 
For this version of the methodology, a linear transfor- 
mation function is assumed. The transformation pro- 
cess involves shifting the zero point and scaling the 
data to conform with the 0 to 100 range of the utility 
values. 

Two versions of the linear transformation function 
are used. The first version is used with “positive” data 
(i.e., data in which the lowest value is equivalent to a 
utility value of 0 and the highest value is equivalent to a 
utility value of 100). The second version is used with 
“negative” data (i.e., data in which the highest value is 
equivalent to a utility value of O and the lowest value is 
equivalent to a utility value of 100). Equations 3 and 4 
give these transformation functions. 

The transformation function for positive-sensed data 
is given by: 

Vi, = 100. Ajj - Min ' (3) 
Max; - Min; 


whereas the transformation function for negative- 
sensed data is’given by: 


y= 100 « 2% =A where: (4) 
Max; - Min; 
Vij = The utility value, range 0 to 100 
Aij = Attribute value, ranges from Min to Max 
Min; = The minimum value from the data set 
Max; = The maximum value from the data set 
46 


Attribute Weighting Factors 


Selection of the attribute weighting factors is a criti- 
cal process in the model development. It is a subjective 
process with no single set of weights being optimum. 
To determine the weights for the study presented in the 
following section, we combined the results of inde- 
pendent weightings performed by members of the 
LASL Modeling and Economic Analysis Group who 
have been active in the passive solar economic and 
marketing analysis program. Key tasks for the future 
are to develop a process to determine the attribute 
weights and to conduct aseries of sensitivity analyses to 
test the responsiveness of the MPI model to alternative 
weighting distributions. 


An Example of an MPI Study 


To illustrate the use of the MPI methodology, a 
study was run on the 220 market regions of the con- 
tinental United States. The direct gain with night 
insulation system was chosen for analysis, and four 
separate MPI runs were done for the study. The first 
two runs used solar savings fractions of 20 percent 
and 40 percent and did not take conservation optimi- 
zation into consideration. The second two runs also 
used solar savings fractions of 20 percent and 40 
percent, but assumed optimal conservation and pas- 
sive solar energy for those specific solar savings 
fractions [17]. 

Maps 1-4 illustrate the results of the direct gain 
study. The areas of highest potential are generally 
located in the northern portion of the United States. 
Particularly heavy concentrations of high-potential 
areas are located in the Midwest and the Northwest. 
The low-potential areas are located primarily in the 
southeastern portion of the nation. This distribution 
of potentials can be attributed to the cost of prevalent 
fuels, solar performance, and heat loads. It must be 
remembered that this study pertains only to residen- 
tial space heating and that a substantial energy sav- 
ings potential can be realized, particularly in the 
southern latitudes, through the use of passive cool- 
ing techniques. 

Caution must be exercised when analyzing these 
data because they are based only on one set of 
weighting factors. A low relative potential does not 
mean that passive solar systems are ineffective in that 
area; it simply means that the total market for other 
areas has a greater potential for development. 

Tables 2-5 list the raw and normalized attribute 
data for the highest ranked locations to give an indi- 
cation of the MPI analysis procedure. This study is an 
example of the types of analyses which can be done 
with the MPI model. Variables such as solar savings 
fraction, conservation level, system type, and attri- 
bute weights can be changed to determine the shifts 
in market potential that result. Market regions 
exhibiting high potential can be pointed out using 
this methodology. 
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Map 2. MPI Values for Residential Direct Gain Systems with Night Insulation (Solar Savings Fraction - .20; 
conservation option included) 
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Map 3. MPI Values for Residential Direct Gain Systems with Night Insulation (Solar Savings Fraction - .40) 
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Map 4. MPI Values for Residential Direct Gain Systems with Night Insulation (Solar Savings Fraction - .40; 
conservation option included) 
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Sorted Raw Attribute Data 
System Type = 6 SSF = .20 


Weight . LOU cee OO 2 ne 2U 
Attribute 
Location Rank MPI Region 3 4 5 


Bryce Canyon, Utah 64.7 198 84.2 47307. 6 22692. 4366. 
Madison, Wisconsin 62.2 Sa, 149.2 49427. ies, , 22057. 6978. 
Cheyenne, Wyoming GU eae 1c 105.5 45933. 1.4 O 25762. 1545. 
Green Bay, Wisconsin 60.2 213 144.1 49546. 1.2 21706. 10508. 
Casper, Wyoming CUZ re ht 102.9 46975. lee 28907. 3788. 


Sorted Normalized Attribute Data 
System Type = 6 SSF = .20 


Weight , .180  .050 
Attribute 
Location Rank MPI Region 3 4 


Bryce Canyon, Utah 64.7 198 959 869 
Madison, Wisconsin 62.2 ae 66.5.5 52:3 
Cheyenne, Wyoming COdaee 215 Of.) mer Or 4 
Green Bay, Wisconsin 60.2213 , 68.4 64.6 
Casper, Wyoming 602 ar 217 68.4 62.6 





Table 2. Direct Gain with Night Insulation (conservation not considered) 


Sorted Raw Attribute Data 
System Type = 6 SSF = .20 


Weight : .180 .050 
Attribute 
Location 


Madison, Wisconsin 148045. ; ; 3:0, (220505 6978: 
Green Bay, Wisconsin 147937. 3.021706 10508: 
La Crosse, Wisconsin 147525. ‘ 3.0 19871. 3905. 
Eau Claire, Wisconsin , 138927. ; SOs BIS 586 i213 
Burlington, Vermont 145277. 5: Om87i ia S589: 


Sorted Normalized Attribute Data 
System Type = 6 SSF = .20 


Weight ; 21807 050 
Attribute 


Location 


Madison, Wisconsin 
Green Bay, Wisconsin 
La Crosse, Wisconsin 
Eau Claire, Wisconsin 
Burlington, Vermont 





Table 3. Direct Gain with Night Insulation (conservation considered) 
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Sorted Raw Attribute Data 
System Type=6 SSF = .40 


Weight : .180 .050 
Attribute 
Location Rank MPI 


Bryce Canyon, Utah 1 64.8 
Madison, Wisconsin 2 61.2 
Cheyenne, Wyoming 3 60.6 
Casper, Wyoming 4 60.3 
Sheridan, Wyoming S 59.1 


Sorted Normalized Attribute Data 
System Type = 6 SSF = .40 


Weight 150'57 2050 
Attribute 
Location 


Bryce Canyon, Utah 
Madison, Wisconsin 
Cheyenne, Wyoming 
Casper, Wyoming 
Sheridan, Wyoming 





Table 4. Direct Gain with Night Insulation (conservation not considered) 


Sorted Raw Attribute Data 
System Type = 6 SSF = .40 


Weight : q .180 .050 
Attribute 
Location Rank MPI 


Madison, Wisconsin 1 ee hie) Let eOre : : 22057. 6978. 
Bryce Canyon, Utah 2 63.6 151802. ; i O 22692. 4365. 
Green Bay, Wisconsin 3 63.5 172146. O 21706. 10508. 
La Crosse, Wisconsin 4 63.1 169676. : . : 19871. 3905. 
Eau Claire, Wisconsin 5 62.0 161114. 3 : ; 18155. 8721. 


Sorted Normalized Attribute Data 
System Type = 6 SSF = .40 


Weight ; : ee) Tae 
Attribute 


Location Region 


Madison, Wisconsin 215 
Bryce Canyon, Utah 198 
Green Bay, Wisconsin 213 
La Crosse, Wisconsin 214 
Eau Claire, Wisconsin 212 





Table 5. Direct Gain with Night Insulation (conservation considered) 
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Conclusion 


The fundamental purpose of MPI analysis is to aid 
decisionmakers in allocating scarce resources among 
competing uses. In a sense, the information gained 
from MPI analysis is helpful in reducing the risk of 
uncertainty in decisionmaking. Members of trade asso- 
ciations can use MPI results to narrow the number of 
test market areas for newly initiated product marketing 
campaigns. Local planners from the Regional Solar 
Energy Centers can use MPI results to help guide allo- 
cation of commercialization monies within their region. 
DOE program managers can use MPI results to target 
regional budget allocations or to develop marketing 
and information strategies. 

The Market Potential Indexing methodology is still in 
the early stages of development. To complete the 
single-family, new construction version of the model, 
the sensitivity studies for the weighting factors must be 
run for a number of additional solar technologies 
including Trombe wall, water wall, and sunspaces. 
These multiple studies will provide a set of characteris- 
tics for the model which will allow verification studies to 
begin. 

The next phase of development, currently underway, 
establishes additional sets of attributes, data bases, and 
weighting factors for evaluating the multifamily, manu- 
factured housing, and retrofit residential market sec- 
tors. The computer code, currently operational, is 
easily adapted to different MPI configurations. 

Early experience with the Market Potential Indexing 
concept shows that it is potentially useful in numerous 
market evaluation applications areas such as active 
solar, wind energy conversion, and photovoltaics. Once 
the markets are characterized by MPI, aseries of valida- 
tion experiments must be designed to test the accuracy 
of the results [18]. By correlating actual market pene- 
tration of passive solar in alternative cities with a cross- 
sectional/time series analysis of attribute valuations, a 
more defensible basis for market penetration estimates 
will have been established. 
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Heat Exchangers 
Effective in 
Radon Control 


This report summarizes research 
conducted by staff of the Energy and 
Environment Division at Lawrence 
Berkeley Laboratory. The complete 
text of “The Use of Mechanical Venti- 
lation with Heat Recovery for Con- 
trolling Radon and Radon-Daughter 
Concentrations” (William W. Nazaroff, 
Mary L. Boegel, Craig D. Hollowell, 
and Gary D. Roseme) appeared in the 
March 1981 issue of Atmospheric 
Environment (Vol. 15). — Ed. 


Ongoing research at Lawrence 
Berkeley Laboratory (LBL) sug- 
gests that, in many American 
energy-conserving homes, 
mechanical ventilation systems 
using air-to-air heat exchangers 
may provide cost-effective con- 
trol of indoor radon buildup. 

Radium 226, part of the ura- 
nium 238 decay chain, constantly 
decays into a radioactive noble 
gas (radon 222), which in turn 
decays into four daughters. Pres- 
ent in almost all soil and rock 
radium presents a nearly inescap- 
able source of potentia! radon 
contamination. Soil a’. ind a 
structure’s foundation, building 
materials, natural gas, and well 
water may all emanate radon into 
a building’s living space, where 
prolonged exposure to the sub- 
stance may threaten occupant 
health. 
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LBL researchers selected an 
energy research home in Carroll 
County, Md., to test the effective- 
ness of a mechanical ventilation 
system with heat recovery as an 
energy-efficient radon control 
technique. A single-story struc- 
ture with a full basement, the test 
house relies on energy-conser- 
ving strategies to reduce infiltra- 
tion, reduce heat loss through the 
building envelope, and reduce 
energy consumption by applian- 
ces. The house is heated with a 
heat pump; air in both the main 
floor and basement is condi- 
tioned. The air distribution sys- 
tem circulates air from the base- 
ment through registers into the 
main living space. 

Measured infiltration rates in 
the test house ranged from 0.05 to 
0.15 air changes per hour (ach), in 
contrast to the typical range of 0.5 
to 1.5 ach in conventional U.S. 
homes. These low rates resulted 
from standard weatherization 
measures (caulking and weather- 
stripping) and placement of a 
continuous plastic vapor barrier 
behind the drywall. All electric 
outlets and lighting fixtures were 
surface-mounted (avoiding pene- 
tration of the walls and subse- 
quent air leakage); bathroom 
exhaust fan ducts were dampered. 

Air quality problems, including 
excessive humidity and formalde- 
hyde levels, were observed shortly 
after the house was completed. 
High concentrations of radon and 


radon daughters within the house 
proved to be the most serious 
concern. Spot measurements of 
radon consistently showed con- 
centrations in excess of 20 pico- 
curies/liter, significantly high 
levels even for houses in loca- 
tions with known high radon 
sources. Current Canadian and 
U.S. regulatory guidelines call for 
remedial action when the average 
indoor radon-daughter level 
exceeds 0.02 working levels (WL) 
in some high-radon locales. 
(Typically, 150-300 picocuries/liter 
of radon yield one working level.) 

A mechanical ventilation sys- 
tem consisting of a large counter- 
flow air-to-air heat exchanger, 
ductwork, and two small 
fans was installed. Variable trans- 
formers are used to vary the 
speed of the fans in order to 
supply the desired ventilation 
rate. The exchanger contains 20 
air-flow passages and, depending 
on air-flow rates, recovers up to 
75 percent of the heat from ex- 
hausted air. 

Radon concentrations were 
monitored with a continuous 
radon monitor (CRM) and through 
analysis of approximately 50 grab 
samples of interior air. Grab sam- 
pling apparatus, calibrated using 
a National Bureau of Standards 
radium solution, was used as a 
secondary standard for CRM cali- 
bration. The uncertainty of this 
calibration is 10 percent (one 
standard deviation of the ratio of 


—— Continuous Radon Monitor 


Vv Lab analysis grab samples 
O Field analysis grab samples 
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Fig. 1. Radon concentration in the Carroll County, Md., test home as a function of time for five ventilation rates. 
Ventilation conditions were changed every 2 to 4 days of the 2-week test period by adjusting the flow through 
the heat exchanger. Shaded area indicates the approximate range of radon-daughter working levels cited by 
U.S. and Canadian environmental guidelines (3-6 picouries/liter). 
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radon concentration measured 
by grab sampling to counts per 
interval in the CRM). A Residen- 
tial Radon Daughter Monitor de- 
veloped at LBL was used to make 
measurements of radon-daughter 
concentrations during daylight 
hours. Uncertainty in the individ- 
ual daughter concentrations is 
about 20 percent at concentra- 
tions of 1 picocurie/liter. 

The mechanical ventilation 
system operating at low, medium, 
and high fan speeds yielded air- 
exchange rates of 0.4, 0.6, and 0.8 
ach, respectively. When the sys- 
tem was operated at low fan 
speed, with intake and exhaust 
Openings almost completely 
taped over, the air exchange rate 
was 0.13 ach. The fifth ventilation 
condition was infiltration with no 
mechanical ventilation (0.07 ach). 
The ventilation rate was meas- 
ured several times under each 
condition. Because the range of 
values obtained for a given condi- 
tion was small (on the order of 10 
percent or less), the ventilation 
rate was considered constant for 
any of the five conditions. 

Figure 1 shows radon concen- 
tration plotted as a function of 
time at the five selected ventila- 
tion rates. For purposes of analy- 
sis, the output of the CRM was 
averaged over 3-hour intervals. 
Radon concentration ranged 
from a high of 35 picocuries/liter 
to less than 1 picocurie/liter. Con- 
centration outside the house was 
measured several times during 
the 2-week period and at no time 
exceeded 0.5 picocurie/liter. A 
dramatic effect of ventilation rate 
on radon concentration was dis- 
played: The variations in radon 
concentration under a given ven- 
tilation condition are much small- 
er than the variations that occur 
when the ventilation condition is 
changed. 

Radon-daughter working level 
plotted as a function of time re- 
veals the same general depend- 
ence on ventilation. Within a 
given ventilation condition, how- 
ever, the working level shows 
more variability than the radon 
concentration, indicating that 
radon-daughter concentrations 
depend on factors other than 
radon concentration and ventila- 
tion rate. 

LBL researchers further exam- 
ined the radon source magnitude 
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between the test house and the 
general housing stock. Although 
published data on this question 
are limited, results of studies in 
England [1] and the United States 
[2] show source values spanning 
nearly three orders of magnitude 
(Fig. 2). When compared to these 
studies, the test house source 
values rank from the 60th to the 
93d percentile against the U.S. 
study and from the 84th to the 
95th percentile against the Eng- 
lish study. Thus, while the source 
magnitude at the test house is 
high, it is not unique. 

Study data were also examined 
against the fraction of houses that 
might have radon problems if 
constructed tightly. LBL research 
indicates that 36 percent of Eng- 
lish homes and 75 percent of the 
homes in the United States would 
have radon concentration ex- 
ceeding 5 picocuries/liter when 
closed if (1) all houses were con- 
structed to achieve infiltration 
rates of 0.1, and (2) source magni- 
tudes were distributed as in Fig. 2. 
With assumed ventilation rates 
raised to 0.5 ach, the correspond- 
ing percentages would be 5 per- 
cent in England and 7 percent in 
the United States. These esti- 
mates reflect “worst case” condi- 
tions, with all doors and windows 
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in the house remaining closed. 
Under normal occupancy condi- 
tions (doors opened throughout 
the year and windows open for 
some portion of it), a considera- 
bly lower percentage of houses 
could be expected to show aver- 
age radon concentrations in ex- 
cess of 5 picocuries/liter. 

LBL studies have also calcu- 
lated expected dollar and energy 
savings gained by using mechani- 
cal ventilation systems with air- 
to-air heat exchangers. It was 
shown that, at current prices, the 
use of heat exchangers in gas- 
heated homes does not appear to 
be economical for most of the 
country. In homes heated with oil 
or electricity, however, incorpo- 
rating heat exchangers in tightly 
built houses appears cost-effec- 
tive in all regions but those with 
temperate climates. 
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Building Energy Analysis Sim- 
ulation Codes (BEAS) are being 
used with increasing frequency in 
the building design process, 
both directly and as the basis 
for simplified design tools 
and guidelines. As the demand 
for more energy-efficient 
buildings continues to grow, 
the use of BEAS and their spin- 
offs will increasingly impact the 
design, construction, and opera- 
tion of buildings in the United 
States. To date, however, there 
has been little or no systematic 
effort to ensure that the various 
BEAS provide accurate, or even 
intuitively reasonable, results. 

Researchers at the Solar Ener- 
gy Research Institute (SERI) are 
developing a procedure for vali- 
dating these codes. The proce- 
dures developed so far are limited 
to BEAS having time-steps on the 
order of one hour and using hour- 
ly values of radiation, ambient 
temperature, and other environ- 
mental data. More detailed infor- 
mation on the procedures is pre- 
sented in Refs. 1 and 2. Up-to- 
date information is available from 
the authors. 

The validation procedure is 
divided into three parts. In the 
first, Comparative Study, each 
BEAS analyzes the same building 
using the same set of weather 
data input files. Building designs 
and weather data can be chosen 
to test the parameters having the 
greatest impact on building per- 
formance. This also allows sam- 
pling of the different combina- 
tions of parameters before meas- 
ured data are available. This 
technique is useful for finding 
large errors that are counter- 
intuitive or that consistently 
produce results different from 
those of other codes. However, 
this procedure does not 
necessarily reveal all errors 
and gives little indication of 
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the source of the discovered 
errors. It also provides little infor- 
mation on how to reconcile 
results caused by differences that 
cannot be construed as errors but 
rather as different approaches or 
mechanisms. 

The second part of the valida- 
tion procedure, Analytical Verifi- 
cation [2], is useful in diagnosing 
errors in heat transfer mecha- 
nisms in the BEAS. It is used with 
the Comparative Study to locate 
and correct problems in the spe- 
cific mechanisms that are most 
important in building energy use 
[1]. 

The third phase of the valida- 
tion procedure is Empirical Vali- 
dation with carefully monitored 
test cells and buildings. Full-scale 
building data will be obtained 
from a national monitoring 
program for this purpose; test- 
cell data will be collected from 
five two-zone cells at SERI. 

The successful implementation 

of this procedure on the BEAS 
should greatly enhance the trust 
and utilization of the BEAS by the 
user community. 


Description of the BEAS 


The first and second parts of 
the validation procedure have 
been used to test four different 
main-frame, computer-based 
BEAS: SUNCAT 2.4, DEROB 4, 
DOE 2.1, and BLAST 3.0. 
(DEROB 3, an earlier version of 
DEROB, was also tested with the 
analytical verification procedure.) 

These codes were chosen be- 
cause of their potentially wide use 
in the building energy analysis 
industry and because of their dif- 
fering modeling approaches. 
SUNCAT 2.4 [3] is a thermal net- 
work code that requires explicit 
information from the user on the 
lumped thermal properties of the 
building. With the exception of 
window tilt and azimuth, SUN- 
CAT 2.4 does not consider build- 
ing geometry in its building 
model. 

DEROB 4 [4] is also a network 
model but is much more rigorous 
than is SUNCAT 2.4. DEROB 4 
uses a geometric building model 
and contains an internal radiation 
heat transfer network. It also can 
calculate convective heat transfer 
coefficients at each hourly time- 
step, and position nodes through 
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the thickness of massive wall 
components. 

DOE 2.1 [5] uses a response 
factor model for heat transfer 
through massive surfaces. It does 
not use an internal radiation net- 
work, but rather a combined con- 
vective/radiative heat transfer 
coefficient between internal sur- 
faces and the room air. 

BLAST 3.0 [6] uses transfer 
functions for heat transfer 
through massive components. It 
contains more mechanisms for 
passive solar processes and is 
more rigorous in its internal 
energy distribution model than is 
DOE 2.1. Both BLAST 3.0 and 
DOE 2.1 have much more exten- 
sive plant, equipment, and system 
Capabilities than the other two 
codes. However, the validation 
procedures presented here do 
not attempt to evaluate the ex- 
tended capabilities. 


Comparative Study 


In the Comparative Study, the 
BEAS were used to calculate the 
annual heating and cooling loads 
for a simple direct-gain building 
in two different climates. The 
building was specified to be 
representative of typical passive 
designs. It is well insulated, with 
1500 ft? (139 m?) of floor space 
and 350 ft? (32.5 m?) of vertical, 
south-facing, double-glazed win- 
dows. Two variations of the build- 
ing were studied: a high-mass 
case and a low-mass case. The 
low-mass case used 0.5 in. 

(1.27 cm) of gypsum board for the 
ceiling and the walls; the high- 
mass case used the same ceiling 
but 8 in. (20.32 cm) of concrete 
for the walls. The building was 
operated with the heating set 
point at 75°F (23.9°C) and 

the cooling set point at 65°F 
(18.3°C) for the entire year. 

Two very different climates 

were chosen for the study: Madi- 
son, Wis., has a climate in which 
the loads are dominated by losses 
to the ambient air; Albuquerque, 
N.M., has a climate in which the 
loads are primarily driven by solar 
radiation gains. Typical Meteoro- 
logical Year (TMY) weather data 
for these two cities were used in 
the simulations. 

The results of the Comparative - 
Study for the four BEAS are 
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Madison, Wis. 
Cooling 


Heating 


Albuquerque, N.M. 
Heating Cooling 


High Low High Low High Low High Low 
Mass Mass Mass Mass Mass Mass Mass Mass 


BLAST 3.0 44 60 18 
DEROB 4 F( 90 14 
DOE 2.1 52 70 TY. 
SUNCAT 2.4 60 81 17 





31 if 25 45 64 
30 24 = 46 a4 68 
34 8 33 37 66 
37 13 42 41 74 


Table 1. Annual Heating and Cooling Loads (Million Btu) 


shown in Table 1. Differences in 
the calculated loads are evident. 
However, the relative position for 
each BEAS is consistent through- 
out the set of test cases. In partic- 
ular, DEROB 4 consistently 
calculates the highest heating 
loads, and BLAST 3.0 calculates 
the lowest heating loads. One can 
speculate on the causes of these 
differences by discussing the var- 
ious modeling techniques used in 
the BEAS, but few substantive 
conclusions can be reached with- 
out more rigorous testing. 


Analytical Verification 


The Comparative Study proce- 
dure points out potential prob- 
lems in a BEAS but gives no 
indication as to their causes. The 
Analytical Verification technique 
was developed to pinpoint the 
source of these problems. This 
procedure consists of several 
tests, each of which verifies a 
combination of mechanisms in a 
BEAS. These tests were chosen 
because they verify the algo- 
rithms for the mechanisms that 
are the most important in predict- 
ing the thermal performance of 
buildings. The selected mecha- 
nisms are: 


steady-state and dynamic heat 
conduction and thermal stor- 
age of mass walls, 

eglazing transmittance and 
conductance, 

eheat load caused by infiltration, 
and 

response of mass walls to solar 
radiation. 


Variations in the tests for these 
mechanisms have also been 
developed to examine the effects 
on the BEAS of changes in mass, 
insulation, glazing type, and 
other parameters. 
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In general, implementation of 
the Analytical Verification tech- 
nique on the four BEAS showed 
no apparent discrepancies. 
However, one of the BEAS — 
DEROB 3 — showed a slower 
than expected response in 
internal temperature to a step- 
function change in external 
temperature (Fig. 1). A similar 
slow response to solar radiation 
was also exhibited by this 
code. 

These slow responses are sim- 
ilar to what would be expected 
from models of buildings with 
higher thermal mass than that 
described in the input files of 
these codes. As a result of the 
slow responses, building design- 
ers might use less thermal mass in 
their building designs than cor- 


Normalized Room Air Temperature 





—— ——— DEROB 3 


Analytical 


rectly working BEAS would sug- 
gest. The problem in DEROB 3 
was traced to the solution tech- 
nique used in the code. After the 
technique was corrected, the 
thermal responses predicted by 
DEROB 3, as well as by DEROB 4, 
agreed well with the expected 
results. 


The Analytical Verification 
technique also revealed differen- 
ces between the BEAS in the 
effect of changes in infiltration 
rate on heating and cooling loads, 
and differences in the thermal 
characteristics which each BEAS 
contains for a variety of internally 
determined window models (i.e., 
a double-glazed window in one 
BEAS is not necessarily the same 
as one used in another BEAS). 
For example, DEROB 4 includes 
substantially higher glass con- 
ductances than the other BEAS 
do. 


In summary, the Analytical 
Verification technique and the 
Comparative Study have proved 
to be valuable in locating prob- 
lems and differences in the BEAS. 
Since the BEAS exhibit a broad 
range of calculated loads for the 
same sets of conditions, caution 
must be exercised when using the 
absolute energy consumption 


Fig. 1. High-mass temperature decay test using the original version 
of DEROB. Problems with the solution technique used in the 
code were corrected in subsequent DEROB version. The discrepancy 
in the BLAST results have been accounted for and corrected. 
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calculated by a single BEAS. The 
practice of using results from a 
single BEAS to generate design 
guidelines or simplified tools or 
input for economic analyses, or to 
develop policy, is questionable. 
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Trinity Develops 
Efficient AC Unit 


An energy-efficient air condi- 
tioner designed to both cool and 
dehumidify residences and 
commercial buildings in humid 
regions is being tested at Trinity 
University’s Passive Test Facility, 
San Antonio, Tex. 

By incorporating an air-to-air 
heat exchanger with an efficient 
air conditioner, researchers hope 
to optimize the dehumidification 
function of the cooling system 
and decrease dependence on a 
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heat pump for cooling — an 
exchange of sensible for latent 
cooling. Thus, high-efficiency air 
conditioners will use the heat 
pump capacity almost entirely for 
dehumidification rather than 
primarily for cooling. 

Conventional mechanical 
dehumidifiers use a heat pump 
cycle, generally exhibiting coeffi- 
cients of performance (COP) less 
than 1. Conventional air condi- 
tioners generally have dehumidi- 
fication COP of about 1; in 
contrast, the Trinity system 
appears to be capable of COP 
approaching 3. . 

Figure 1 illustrates the Trinity 
process. In a heat exchanger 
attached to the air conditioner 
inlet and outlet, cold air leaving 
the air conditioner is used to pre- 
cool incoming air. Under nomal 
operating conditions, the incom- 
ing air reaches dew point while 
still in the exchanger, using the 
previously wasted cooled air 
from the conditioner. 

Since dew point is reached 
while air is inbound through the 
exchanger, some condensation 
or dehumidification takes place. 
The evaporative coil continues 
dehumidification, further reduc- 
ing air stream dew point. Con- 
densation occurs during the 
entire time air is in contact with 
the coil and not just intermittently 


as is the case with an air condi- 
tioner operating alone. 

Temperatures measured during 
a test run on 1 April 1980 
indicate the effect of the heat ex- 
changer on the airstream temp- 
erature. The exchanger precooled 
incoming air to 58°F (14.4°C) — 
nearly as cold as the 55°F 
(12.8°C) output from the air con- 
ditioner operating alone. With a 
“headstart” on cooling from 77° 
to 58°F (25°-14.4°C), the air 
conditioner produced the signifi- 
cantly lower saturated air 
temperature of 43°F (6.1°C) 
compared to 55°F (12.8°C) from 
the air conditioner alone. Air 
exited the exchanger into the 
room at 71°F (21.7°C) — nearly 
as warm as the ambient 77°F 
(25°C ), but drier and more 
comfortable. 

Phase | of the project, which 
includes system design and 
development of operating strate- 
gies, is under contract with the 
U.S. Department of Energy and 
extends through December 1981. 
Phases 2 and 3 involve production 
line design, field testing, market 
strategy development, and the 
actual distribution and sales of 
the product to carefully defined 
target groups. 

@ E.S. Doderer, Assistant 

Professor, Engineering Science, 

Trinity University 
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Fig. 1. Temperature measurements taken April 1980 at Trinity University 
illustrate the effect of a heat exchanger on air conditioner airstream 


temperature. 
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SERI to Publish 
Monitoring Results 


Initial data gathered as part of a 
nationally coordinated effort to 
evaluate the performance of pas- 
sive/hybrid systems will be pub- 
lished this summer by the Solar 
Energy Research Institute 
(SERI). The publication, tenta- 
tively titled Passive Solar at Work, 
will present mostly qualitative 
data collected for 20 homes in the 
U.S. Department of Energy’s 
(DOE) Passive and Hybrid Sys- 
tems Performance Evaluation 
Program. 

SERI researchers managing the 
program for DOE say the booklet 
will be the culmination of Class C 
monitoring efforts to acquire non- 
instrumented performance data 
from a large sample of passive/ 
hybrid buildings. Results from 
the Class C effort, as well as 
from the progressively more 
quantitative studies of Classes A 
and B, will help define research 
and development needs 
suggested by commonly cited 
design problems. 

As part of the Class C effort, 
DOE contracted the four Region- 
al Solar Energy Centers (RSECs) 
to study a total of 400 existing 
passive/hybrid homes. Local con- 
tractors audited homes to deter- 
mine the relationship of such fac- 
tors as glazing, thermal mass, and 
user interaction with the building 
to solar performance. A self- 
administered form for home- 
owners yielded attitudinal infor- 
mation regarding design and 
purchase rationale, perceived 
performance, and satisfaction. 

The Memphremagog Group, 
Newport, Vt., and Market Facts, 
Inc., Washington, D.C., were con- 


tracted by SERI to review and pro- 


cess the nontechnical data on 
the homes; Total Environmental 
Action, Harrisville, N.H., assisted 
the RSECs in evaluating the tech- 
nical data. 

Preliminary Class C findings 
indicate that passive solar 
designs differ according to region 
(i.e., homes in the West are more 
sophisticated; eastern homes are 
generally owner-built, simple, 
direct-gain systems) and that 
solar heat contributions vary sig- 
nificantly according to locale. 

The Class B phase of the pro- 
gram involves more intensive 
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monitoring of 15 of the Class C 
homes in each region. Class B 
test homes received Data Acqui- 
sition Systems (microprocessor- 
based) which will monitor up to 
22 sensors every 15 seconds to 
compute Btu requirements and 
Btu contributions of passive solar 
features. Testing began in May 
and will continue for one year. 
The Class A performance eval- 
uation will rely on data gathered 
for six passive/hybrid homes 
throughout the country. Class A 
monitoring, based on 100 or more 
sensors installed in each home, 
will determine detailed thermal 
performance of “generic” and 
innovative homes to obtain “hard” 
data for validating computer sim- 
ulation codes and to determine 
the thermal performance and 
thermal mechanisms operating in 
innovative building systems. 


@Sharyn Towle, Program Man- 
ager, Class C Monitoring; Don 
Frey, Program Manager, Class B 
Monitoring; Ken Ortega, Program 
Manager and Principal Scientist, 
Class A Monitoring, Solar Energy 
Research Institute 


Double-Envelope 
Evaluation Begun 


Engineers and scientists from 
the Solar Energy Research Insti- 
tute (SERI) are monitoring a 
double-envelope house near 
Denver to determine its thermal 
performance and to collect fun- 
damental data regarding the 
thermal mechanisms operating 





this double-envelope hcuse. 


January 1982 


in this passive design. The 
house is one of six buildings 
slated for extensive monitoring 
in the U.S. Department of 
Energy’s Passive and Hybrid 
Systems Performance Evalua- 
tion Program. 

To date, it has generally been 
assumed that air heated in a south 
greenhouse flows in a pattern 
around the inside of the enve- 
lope’s outer skin, transferring its 
heat to interior living spaces in 
the process. However, by moni- 
toring all thermal characteristics 
of the house, SERI scientists ex- 
pect to provide researchers, 
builders, and consumers with 
new data on double-envelope 
performance. 

Testing procedures will deter- 
mine overall building heating 
load and associated UA-value; in- 
filtration from inside to outside, 
from inside to plenum air space, 
and from plenum to the outside 
environment; and energy flow 
paths. The latter test will deter- 
mine how heat enters the struc- 
ture, where it is stored, where it is 
transferred, and where it is lost to 
the environment. 

Testing will progress in two 
stages. In the first stage, all 
windows and openings will re- 
main covered for several days to 
block sunlight and empty the 
house of all retained heat. The 
amount of auxiliary heat needed 
to maintain the house at a 
set temperature overnight will be 
measured, and the steady-state 
conductive value of the house 
calculated. Subsequently, the 
rate of temperature decay will be 
tested to determine overall con- 
ductance and capacitance of the 
envelope. To determine decay 
rate, the house will be heated to 
70°F (21°C) before auxiliary heat 
is turned off, and consequent 
drop in temperature will be 
measured. 

In the second stage of testing, 
data will be collected with the 
house in normal operation and 
the results used to validate a com- 
puter thermal model of the 
double-envelope house. Changes 
in basic design can then be intro- 
duced via computer to test their 
effect on thermal performance of 
the double-envelope. 


@ Ken Ortega, Principal Scientist, 
Solar Energy Research Institute 
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New Prototype of 
Transwall Tested 


Transwall, a second-genera- 
tion prototype waterwall devel- 
oped at Ames Laboratory, lowa 
State University, is undergoing 
design performance testing to 
provide data to support com- 
mercialization. 

Transwall resembles a series of 
water-filled, aquarium-like, glass 
containers, each 4 to 6 in. (10.2 - 
15.2 cm) wide, supported atop 
each other by aluminum frames. 
The Transwall system, con- 
ceived to combine popular 
Trombe wall and direct-gain solar 
heating systems, reduces window 
obstruction, photodegradation of 
interior furnishings, and over- 
heating problems found in con- 
ventional systems. It also reduces 
interior light intensity and peak 
temperatures without disturbing 
the visual and daylighting func- 
tions of windows. Its water-based 
thermal storage cuts weight and 
space requirements by factors of 
at least four and two, respectively, 
relative to commonly used con- 
Crete. 

Because a large fraction of 
solar energy is absorbed within 
the water storage, high tempera- 
tures do not occur on the exterior 
facing wall surface as is the case 
for Trombe walls. This reduces 
radiative losses as well as the 
need for circulating air between 
the glazing and the wall to trans- 
fer heat to the interior. 
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New Transwall prototype alleviates 
Trombe wall, direct-gain problems 
of daylight and view obstruction, 
photodegradation, and heat loss 
from exterior surfaces. 
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Transwall modules and aluminum su 








pport are designed for compatibility 


with economical mass production methods. The second-generation 
prototype is nearing commercialization readiness. 


Transwall delivers solar heat to 
a building in the following 
manner: The near-infrared por- 
tion of incident solar energy 
passes through the front glass 
surface and is absorbed within 
the first inch (2.5 cm) of water. 
Approximately 65 percent of inci- 
dent sunlight reaches the Trans- 
wall absorber plate, where a frac- 
tion, depending on the plate’s 
transmissivity, is absorbed. The 
remaining visible portion of solar 
energy passes through the rear 
Transwall into the building inte- 
rior, providing illumination and 
some direct-gain heating. Solar 
radiation is absorbed within the 
Transwall, raising the tempera- 
ture of the modules. Part of this 
thermal energy is then transmit- 
ted to the building via radiation, 
convection, and conduction from 
the Transwall surface facing the 
interior. 

Transwall exhibits one major 
advantage over conventional 
Trombe systems because Trans- 
wall stores most solar energy in 
its interior rather than at the front 
surface facing the windows. 
Hence, Transwall avoids the ther- 
mal losses associated with hot 
exterior-facing surfaces. 

Module specifications were de- 
veloped through computer simu- 
lation and consultation to the 
following outer dimensions: 
52-in. wide, 23-in. high, and 7-in. 


thick (132 x 58.4 x 17.8 cm). Fabri- 
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cated of acrylic plastic plates 3/8- 
in. (0.95 cm) thick, the modules 
require that three vertical rib 
braces be cemented inside each 
plate to prevent bowing under 
hydrostatic pressure. An 
absorber plate, located halfway 
between the two face plates, is 
supported by pairs of vertical 
strips cemented to each end 
plate. An aluminum retainer lid 
caps each module to prevent 
movement in face plates due to 
hydrostatic pressure and to reduce 
water evaporation and contami- 
nation. Water mass contained 
within each module is approxi- 
mately 238 Ib (30 gal). An additive 
inhibits biological growth inside 
the modules. 

The modules and aluminum 
support structure are expected to 
be compatible with economical 
methods of mass production. 
Data on Transwall summer per- 
formance, currently being col- 
lected from a test building at the 
laboratory, should complete 
year-round performance sum- 
maries needed by potential com- 
mercial manufacturers. 

Testing of Transwall proto- 
types by a range of commercial 
organizations will begin in 
Winter 1981. 


@ John F. McClelland, Associate 
Physicist, Ames Laboratory, 
lowa State University 
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Review 


Passive Solar Design Handbook 
Volume One: Passive Solar Design Concepts 
Volume Two: Passive Solar Design Analysis 


Total Environmental Action and Los Alamos Scientific Laboratory 
for the U.S. Department of Energy, 1980 


Reviewers: Jeffrey Cook, Bill Wright, William A. Shurcliff 


Few publications inthe field have 
elicited stronger sentiments of praise 
and criticism than has this one. The 
prodigious work was begunshortly 
before the 1978 Second National 
Passive Conference in Philadelphia; 
Originally envisioned asa5-month 
task, the projectultimately spread 
over2 years. Widely hailed upon 
publication, the handbook andits 
contents have been the subject of 
increasing scrutiny. BillShurcliff, one 
ofour featured reviewers, States well 
the breadthofthereviewer’s dilemma: 
“This book is anexcruciating 
challenge. /ltisamammothcontribu- 
tion, yetithas scores of serious 
defects. Should thereviewerstress 
the prosorthecons? Should he hail 
the blazing ofimportantnew trails 
toward simplified calculations of 
thermal performance? Orshould he 
scold the authors for badly worded 
and edited captions to graphs? 
Should he judgejust the book, or 
judge the entire rationale pro- 
pounded?” Critiques are presented 
here by apanel of threereviewers 
whose views are solely theirown. The 
significance of the handbook practi- 
cally cries out forongoing inter- 
change. Thus, feedbackis welcome 
andencouraged. --Ed. 


Available from the National 
Technical Information Service 
(NTIS), 5285 Port Royal Road, 
Springfield, VA 22161 (DOE/ 
CS-0127/1,/2; $13.25/$14.00; 
$3.00 each in microfiche) 
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There is along tradition of 
handbooks within the building 
professions. Since the Renais- 
sance, small manuals that could 
slip into a pocket have been 
tools for architects, civil engi- 
neers, surveyors, and “clerks of 
the works.” As information about 
building construction expanded, 
so did the size of the reference. 
But even in the late 20th century, 
crisp Communication and com- 
pact format are the standard. 

Unfortunately, these two 
volumes from the Government 
Printing Office conform in no 
way to that tradition. They fit in 
no one’s pocket, and their soft 
covers mean they are not stiff 
enough to stand on a shelf. A 
prudent professional with guts 
should attempt to read them and 
copy those essential pages that 
are indeed handy to his/her prac- 
tice. Since there is no index, this 
is the only way to discover what 
is there and the only way to 
make things useful. 

Volume One: Concepts was 
produced by Total Environmen- 
tal Action. It contains typo- 
graphic errors, awkward senten- 
ces, and many white spaces. 
However, the language is gen- 
erally readable. Bruce Anderson, 
the prime author, in the fore- 
word recognizes the “large 
size and disparate nature” of the 
work and that Volume One: 
Concepts is an introduction of 
qualitative information for the 
uninitiated. 

Volume One begins with a 
definition of “passive” that 
relates only to “heating and 
cooling buildings or for heating 
domestic water” in which the 
key phrase is “by natural 
means.” The implication is that 
pumps or fans are “unnatural,” 
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and that thermal and other 
energy tasks not tied into heat- 
ing and cooling buildings are 
outside the definition. 

A weak definition of “active” 
solar systems follows in which 
the concept of off-site power or 
parasite dependency is missed. 
The use of active solar systems 
as a benchmark for passive sys- 
tems is a Curious fetish left over 
from another age. As related to 
buildings, passive applications 
should be compared with the 
norm or standard environmental 
control systems of the times — 
fossil-fueled forced air and hot 
water radiators. 

The text proceeds with a certain 
uncertainty: “The proper seman- 
tic cataloging of these tech- 
niques is unimportant compared 
with the concepts they try to 
communicate.” Unfortunately, 
what the authors call concepts 
are really systems. Perhaps it 
is a reflection of the entire pas- 
sive community that a concep- 
tual schema of the interaction of 
the simple functions or compo- 
nents has not been articulated, 
at least in the United States. 
Rather, we are stuck with a 
limited number of application 
samples stylized here as: 

1. Direct Gain 

2. Convective Loops 

3. Thermal Storage Walls 

4. Thermal Storage Roofs 
and 

5. Attached Sunspaces. 

For architects used to dealing 
with component manipulation, 
this limited number may be ade- 
quate since each has a simple 
physical and architectural 
image. In general, they cover the 
prototypes of today’s practice. 
However, this description is 
inadequate as a conceptualiza- 
tion of the field. (For those pro- 
fessionals self-confident enough 
to start with Volume Two, the 
same schema is again described 
but with some clarity and brev- 
ity.) 

Although the definitions in 
Volume One of such thermal pro- 
cesses as “radiation” and “ther- 
mosiphoning” are weak, the 
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descriptions and discussion of 
the five basic system types are 
adequate for all except thermal 
storage roofs, where prejudice 
shows. For instance, “structural 
support for the heavy mass” 
should really not represent 
much of a disadvantage. Since 6 
in. of water is typically quite 
adequate for thermal mass, that 
weight is well below the 40 and 
50 |b/ft? snow load required by 
code for structures in many 
locations. 

And why “the heavy weight 
of thermal mass above the 
ceiling might be psychologically 
unacceptable (especially in 
an earthquake-prone area)”? 
The psychological acceptance 
of heavy construction cannot be 
found in any professional dis- 
cussion of such building types 
as apartment houses or office 
buildings. Indeed, independent 
structural analyses of “Sky- 
therm” construction using water 
bags on steel decking in earth- 
quake zones show that such 
construction is superior to 
almost any other because of the 
diaphragm structural action of 
the roof plane and the value of 
the water in various disaster 
modes. 


“Categorical statements 
without qualification are 
part of the simplification 
syndrome...” 


In the “Basics of Solar Build- 
ing Design,” the simplistic 
approach of Volume One is 
exposed where “energy conser- 
vation” is equated with “adding 
insulation.” Only later is there a 
conceptual suggestion of com- 
fort/climate as the basis for 
prescribing walls and their 
performance, composition, or 
heat transfer characteristics. 

Then, there is that fascinating 
phenomenon “natural daylight” 
(p. B-71) that causes us to 
wonder about other forms of 
daylight. Categorical statements 
without qualification are part of 
the simplification syndrome: “In 
an air conditioned office (day- 
lighting) reduces the electric 
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lighting load on the air condi- 
tioning system by 93 percent.” 
Presumably, this is a maximum 
possible figure which makes no 
account of the potential heating 
and cooling load added by 
increased glazing. 


“,.. information available... 
is impressive and yet is 
largely unused.” 


Certainly, while some archi- 
tects would agree with the 
authors that “there is a dearth of 
knowledge regarding solar gain 
through windows,” not all 
researchers would. The quantity 
of information available in the 
technical literature, both in the 
United States and abroad, is 
impressive and yet Is largely 
unused. The lack of use is then 
the responsibility of intermediar- 
ies, educators, writers, profes- 
sion leaders, and of forward pro- 
fessional literature such as 
Volume One attempts to be. 

An insufficient understanding 
of convection is revealed in the 
statement that “up to 20 percent 
of the heat gained during a sunny 
day can be lost through” reverse 
siphoning by the next day. It is 
very easy to design a convective 
system in which 100 percent or 
more of the heat gained can be 
lost. Similarly, a statement that 
“poorer performance and lower 
comfort levels may result when- 
ever systems are designed to 
provide over 30 percent of the 
seasonal load” ignores success- 
ful systems that provide enviable 
comfort levels with 80 percent 
and higher of the seasonal load. 

The use of the term “thermal 
storage walls” in such a set of 
major publications is sloppy 
semantics — since every wall 
has thermal characteristics. In 
particular, there is some confu- 
sion whether the phrase refers to 
thermal compositions such as 
Morse-Trombe-Michel walls, 
(where solar gain, thermal storage, 
and thermal delivery functions 
are directly coupled and are 
built as a constructional assem- 
bly) vs. thermal storage walls as 
separated temperature stabiliz- 
ing features of an interior or 
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exterior. Especially in passive 
design, the thermal characteris- 
tics of all surfaces must be 
designed — whether solar or 
otherwise. It would be an unfor- 
tunate, distorted definition if 
“thermal walls” would become 
standard nomenclature. 
Diagrams intending to show 
ideal configurations show less 
than ideal relationships. A con- 
vective air heater is shown with 
air passing only on the back 
side. Without explanation, vents 
in a vented Trombe wall are 
shown in other than customary 
top and bottom wall locations. 
Trombe vents are also 
shown directly opposite each 
other rather than staggered for 
exhaust and supply functions. 
The preference of stain over 
paint for masonry collector sur- 
faces is not mentioned. 
Confusion of terms and 
generic types continues in 
“Thermal Storage Roofs” (p. 
C4-194). Obviously, there is a 
more basic type of roof pond 
than the distorting definition: 
“waterbed-like transparent bags 
filled with water.” Indeed, 
ponded roof construction had 
many built examples during the 
1940s and 1950s. The descrip- 
tion of a “south sloping” pond is 
misleading to anyone who does 
not already know the subject. 
The inclusion of a discussion of 
south-sloping glazing in the 
Atascadero description confuses - 
both subjects. In general, the 
description of roof ponds reveals 
some ignorance of both Sky- 
therm experiences as well as 
related construction. 


“_.. one of the better 
researched and written 
chapters is ‘Passive Solar 
Cooling’...” 


Useful knowledge to profes- 
sionals is included,however, such 
as the methods of arriving at 
quantifiable value judgments. 
One such exercise economically 
compares the number of glaz- 
ings and various movable insula- 
tions as related to annual heat- 
ing degree days. 
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Surprisingly, one of the better 
researched and written chapters 
is “Passive Solar Cooling” — 
an odd title for a somewhat non- 
solar function. Safely, very little 
is said about natural ventilation 
and the design of airflow using 
windows. The experimentally 
derived models by the Olgyays 
and Givoni are difficult to sum- 
marize as well as to apply to real 
building design situations. The 
only factual flaw in the chapter 
is in the respective attributions 
of Yellott and Hay regarding the 
Skytherm system. Both made 
earlier and perhaps more 
generic studies and contribu- 
tions than the water-bagged 
roof. The calculation methods 
for stack-effect and for analyzing 
radiative cooling are straight- 
forward and useful. 


“The review of giazings 
is first-class ...” 


A series of Appendixes pro- 
vides more useful information, 
although the materials are per- 
haps more appropriate to 
Volume Two, the reference text. 
The review of glazings is first 
Class, although there is some 
conjecture in the application 
details of plastic films. Sunshine 
maps, conversion factors, 
energy costs, and R-values are 
included, but rules of thumb dis- 
tributed through the text of 
Volume One are never gathered 
into one place for reference. 

lf the contents of Volume One 
seem familiar, it’s probably 
because they are. References 
confirm that information is heav- 
ily borrowed from previous 
| Anderson, TEA, and other pub- 
lications. If there is some confu- 
sion about content, it may be 
because of some dependence 
On secondary sources rather 
than on original documents or 
research reports. If the quality 
of illustrations is mixed, it is 
because some have been lifted 
and some have been traced, and 
some have been generated from 
scratch. 

In spite of these flaws (all of 
which could be a reflection of 
the processes of executing such 
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a contract), the sum may be 
somewhat better than any of the 
separate documents from which 
the book borrows. 

In its current state, Volume 
One: Concepts is just another 
report. With technical and 
editorial screening and a real 
publisher, it could be a neat 
introduction to the field. But 
that is only a promise. 


Jeffrey Cook, Professor 
College of Architecture 
Arizona State University 


It seems important to place 
criticism on Volume Two of this 
handbook in perspective relative 
to the state of development of 
the technology. We are still in 
the toddler stage of our under- 
standing of passive buildings. In 
another 20 years, surely passive 
design will be old hat, and pas- 
sive design handbooks will be 
four-color with crisp Scientific 
American-style illustrations. We 
are not there yet, but Volume 
Two is a step in that direction. 
One usually critiques handbooks 
based on their completeness, 
presentation, depth of material, 
and so on. In this case, the field 
itself is still forming and thus 
criticism must include definition 
and methodology. 


“,.. the likely reaction of 
those earning a living by 
design will be to ignore the 
monthly method.” 


In its presentation, Volume 
Two needs help. That frank de- 
scription is the summary of com- 
ments from designers who 
reviewed copies. The organiza- 
tion is confusing and really 
penetrable only through diligent 
effort. However, it can be pene- 
trated — it just takes a substan- 
tial amount of effort. Reorgani- 
zation and repackaging by a 
technical publisher would mul- 
tiply the utility and readability by 
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severalfold. The sections on 
rules of thumb and the Load Col- 
lector Ratio (LCR) method have 
real potential, if repackaged 
properly. However, the monthly 
Solar Savings Fraction (SSF) 
method (which takes a minimum 
of 30 minutes to complete and 
for many situations requires an 
hour to grind through — all fora 
single point of performance) is 
simply unusable to the majority 
of practicing designers. 
Although a few dedicated inno- 
vators may well grind for a few 
hours to find out how a given 
building design is penalized by 
off-axis orientation, the likely 
reaction of those earning a living 
by design will be to ignore the 
monthly method. 


“Mass and number of 
glazings would have 
been very useful to 
include...” 


In terms of completeness, it is 
important to note that Volume 
Two gives no information on 
natural lighting, heating-cooling 
interactions, or overheating cal- 
culations for conventional frame 
construction retrofits. A major 
omission is a direct gain calcula- 
tion for triple-glazed systems 
without night insulation. Includ- 
ing direct gain in the LCR tables 
as a dead loss for most of the 
northern tier is not terribly use- 
ful, whereas the sensitivity 
curves suggest that triple- 
glazing is a possible means of 
implementing direct-gain sys- 
tems, which are so popular with 
consumers. Similarly, the sensi- 
tivity curves for mass correction 
are not confidently applied to a 
particular design, and yet mass 
is a Critical cost item in conven- 
tional construction. Mass and 
number of glazings would have 
been very useful to include in 
the correlations so that individ- 
ual systems could have been 
evaluated for these important 
design parameters. To be sure, 
these omissions are not so much 
oversights on the part of the 
Volume Two authors as they are 
an indication of the state of 
available information. 
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On the other hand, the com- 
pleteness in terms of the number 
of levels of computation effort 
available, the geography 
covered, and the number of sys- 
tem types presented represents 
a major contribution to our cur- 
rent state of understanding. The 
backup material for methods 
and calculations would have 
been better presented in some 
appendix volume in which the 
models used and PASOLE could 
have been thoroughly docu- 
mented for those who cared. As 
it stands, much of the backup 
material requires prior knowl- 
edge of other LASL papers and 
memos and thus could be better 
presented in a separate compan- 
ion volume. 


“The completeness... 
represents a major 
contribution to our 
current understanding.” 


One area in the methodology 
which poses major concern is 
the definition of Solar Savings 
Fraction (SSF). The SSF defini- 
tion, although simple, arbitrarily 
places passive solar in a difficult 
light. In Appendix D, the LASL 
authors say, “The definition of 
passive solar used in this hand- 
book is fairly generally accepted 
now and it is hoped that the 
definition of other terms 
employed herein will also come 
to be accepted.” It is perhaps 
oversell to say that SSF “is fairly 
generally accepted”; rather, it is 
probably more accurate to say 
that the pros and cons of the 
several definitions have caused 
considerabie confusion resulting 
in no generally accepted solar 
fraction definitions. 

The SSF is troublesome 
because it computes savings 
with respect to a fictitious refer- 
ence which is only relevant toa 
fraction of the population. The 
notion is that savings can’t be 
calculated with respect to the 
solar building because the pas- 
sive aperture is more “lossy” 
than a “conventional” wall and 
therefore has an abnormally 
high load. Thus, the fact that the 


62 


actual passive building may be 
75 percent heated by the sun is 
considered a “misrepresenta- 
tion.” The issue is thus whether 
or not the resident would have 
chosen to purchase the solar 
building regardless of savings. 
The indication that direct gain 
and live-in Sunspaces are the 
most popular passive designs is 
really a reflection of the high 
value consumers place on visual 
aesthetics. For the consumer 
who would have purchased the 
passive solar house even if it 
faced north, the savings are with 
respect to the actua/ house, not 
the “net” reference. 

Additionally, before the 
energy crunch, most consumers 
lived in winter temperatures in 
excess of 70°F. The free choice 
temperature (and therefore, heat 
of high value) was above that 
temperature which LASL 
selected as cutoff for inclusion 
in the load. Thus, the warming 
effect of 72° to 78°F was 
devalued to zero. 

While this technique makes 
calculation simple, the current 
SSF definition cancels two pri- 
mary passive ingredients which 
give the consumer what he or 
she wants — comfort. The dis- 
cussion is not specious, because 
the magnitude of the effect on 
savings is large. For example, in 
upstate New York, a passive 
design which yields actual sav- 
ings of 18.5 million Btu is 
reduced to 7.1 million Btu — a 
penalty of 62 percent. The 
higher number gives no credit 
for heat which takes the building 
above 65 percent, and so the SSF 
is understated even more. 


“The SSF is 
troublesome...” 


Arguments such as these lead 
to a belief that the current SSF 
definition cannot be generally 
accepted if passive is to survive. 
A definition of savings which 
reflects the composite current 
lifestyles of consumers is 
needed. In some cases, the sav- 
ings will be minimal due to con- 
sumer preferences that are sim- 
ilar to the LASL reference. In 
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many cases, however, consumer 
preferences will shift the savings 
to a multiple of the SSF defini- 
tions and hence allow passive 
design to proliferate. 

All in all, Volume Two of the 
handbook is a major contribu- 
tion, representing the first offer- 
ing which makes a real attempt 
at a comprehensive integration 
of our understanding of passive 
buildings. As a mirror of the cur- 
rent level of understanding, the 
book makes starkly apparent the 
distance which we have yet to 
travel. Nonetheless, the LASL 
team is to be congratulated for 
this pioneering achievement. 


Bill Wright, Manager 
Technology Development 
Division 

Northeast Solar Energy Center 





At the very start, the reader is 
thrown off by the book’s subtitle, 
Passive Solar Design Analysis. 
The book deals, in fact, with only 
a small fraction of passive solar 
design analysis. A concisely de- 
limiting and truly descriptive sub- 
title might be Proposed Simplified 
Method of Predicting the Winter- 
time Thermal Performance of a 
Simple Small Building that (1) 
Employs, on the South Side, 
Direct Solar Gain or a Trombe 
Wall and (2) Receives Little or No 
Energy via the Non-South Win- 
dows or from Occupants, Light 
Bulbs, Etc. 

If the subtitle were thus delim- 
ited, readers would know what 
not to expect. They would be fore-. 
warned that the book deals only 
with analysis, specifically with 
analysis of thermal performance, 
and more specifically with an 
analysis method that is (judged 
by those who use it routinely) 
simple but not outstandingly 
accurate. 

They would know that the book 
deals only with wintertime ther- 
mal performance — despite the 
fact that some design features 
that are excellent for winters may — 
be bad for summers. They would 
recognize that (1) complicated 
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buildings (as in those that are not 
merely clean-cut rectangular 
boxes with clean-cut thermal 
properties, clean-cut windows 

that either are, or are not, solar 
windows, etc.) are given little 
attention; (2) indirect passive 
solar heating is given little atten- 
tion; (3) emphasis is on the south 
wall only, despite the fact that 
east and west windows can play 
important roles in supplying 
wanted solar energy in winter and 
unwanted solar energy in sum- 
mer; and (4) intrinsic heat from 
humans, light bulbs, cooking 
stoves, etc., is assumed to be neg- 
ligible, despite the fact that in very 
well-insulated houses, such heat 
can supply a large fraction of win- 
ter heat needs. 

The central rationale, plan, or 
procedure specified in this book 
seems almost grotesque. Sup- 
pose, for example, you intend to 
design a direct-gain passive solar 
house with 300 ft? of south win- 
dows. The recommended proce- 
dure is for you to (1) complete 
your tentative design; (2) take the 
large backward step of deleting 
the solar gain; (3) compute the 
thermal performance of this 
emasculated and purely imagi- 
nary house; (4) estimate the frac- 
tional reduction in auxiliary heat 
need when the solar gain is re- 
stored; and (5) with this informa- 
tion in hand, estimate the actual 
amount of auxiliary heat needed. 


“The central rationale, 
plan, or procedure... 
seems almost grotesque.” 


Why is this procedure near- 
grotesque? First, there is no satis- 
factory way to specify how the 
solar gain is to be eliminated. 
Should one imagine that the en- 
tire house is covered by a big 
black cloth so that no sunlight 
can reach it? Or should just the 
windows be covered? Instead of 
using a black cloth, should one 
use an extremely thick plate of 
Styrofoam® so that no energy car 
flow in or out of the windows? 
Should exceptions be made for 
windows that are triple-glazed or 
equipped with high-R nighttime 
shutters? What about infiltration 
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through the windows? What 
about doors in the south wall — 
how are they to be treated? 

The authors scarcely address 
these questions. They refer vague- 
ly to omitting or covering “the 
solar collection wall” or “solar 
aperture,” but do not define these 
vague terms. They suggest, alter- 
natively, invoking a “normal wall” 
(not specified) which, they 
expect, or hope, will have “an 
exactly null effect on the average” 
so that gains and losses here will 
“exactly balance.” 


“Surely a well- conceived 
passive solar home is 

a nicely balanced 
combination of features.” 


At this point, the reader may 
well feel lost. What average is 
meant? Average throughout one 
8-hour sunny day? Throughout a 
24-hour typical day in January? 
And what does “exactly balance” 
mean? Balance during a sunny 
day, a sunless day, complete 
month of April, full winter, or 
what? Balance assuming that the 
furnace is never used? And what 
is meant by “normal wall’? Nor- 
mal as to thickness? Materials? 
Normal in the context of 1930 
design, 1970 design, or 1980 
design? 

A second flaw with the analysis 
method is that the authors im- 
properly ascribe much signifi- 
cance to the Step 4 result: the 
estimate of fractional reduction in 
auxiliary heat use. One reads on 
p.10 that this fraction (called the 
Solar Savings Fraction or SSF) “is 
of primary interest in evaluating 
the energy-effectiveness and 
cost-effectiveness” of the pro- 
posed solar house. Actually, it is 
of little or no interest. Worse, it 
can be highly misleading. 

Why is SSF of little or no inter- 
est? Because it is computed with 
respect to an imaginary, emascu- 
lated, nonsensical, unlivable 
house. Surely a well-conceived 
passive solar home is a nicely bal- 
anced combination of features: 
The designer strives to match the 
heat-saving features to the var- 
ious heat inputs (solar input via 
windows and inputs from human 


January 1982 


bodies, light bulbs, etc.) and the 
thermal mass. What happens if a 
designer is forced to wipe out a 
proposed 300-ft? south window 
area? The match is destroyed. 
The design is an atrocity. With no 
south windows — and no natural 
illumination or view — the house 
is unlivable. 

Notice also that such SSF 
values do not correlate with de- 
sign merit. For example, they do 
not correlate with actual amounts 
of auxiliary heat needed. In 
extreme situations, an SSF-80 
percent house might, for exam- 
ple, use more auxiliary heat than 
an SSF-60 percent house. If a 
client, or a banker considering 
making a mortgage loan, were 
impressed with a high-SSF value, 
he might later realize he has been 
misled. 

What really /s of importance? 
The actual annual auxiliary heat- 
ing and cooling needs, for start- 
ers. More important yet is the 
combined present-value of capi- 
tal cost of the building as a whole 
and of the lifetime cost of auxil- 
iary heat in winter and cooling in 
summer. These quantities receive 
little attention in this book. Much 
importance is ascribed to rela- 
tively trivial questions such as, 
“Will the annual cost of auxiliary 
heat be $50 or $100?” Little impor- 
tance is ascribed to the far more 
important question, “What is the 
overall cost of the building, and 
will it require a $4,000 auxiliary 
heating system, or can it get by 
with one costing $400, or only 
$40?” 


“Much importance is 
ascribed to relatively 
trivial questions...” 


One more general criticism 
must be made. If the book were 
written clearly and included care- 
fully phrased definitions and had 
an index (so that the reader could 
quickly locate the definitions), 
the strengths and weaknesses of 
the computational procedures 
recommended could be under- 
stood. But because there is no 
index, and the definitions are 
vague and scattered, and many of 
the tables and graphs are near- 
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inscrutable, the typical reader 
may be unable to achieve real 
understanding, unable to bring 
his judgment into play. (Inciden- 
tally, it is unfortunate that the 
authors have not assigned a name 
to their procedure. It is difficult 
for a reader to discuss the proce- 
dure with friends if it has no 
name.) 


“Perhaps ‘solar savings 
increment’ is what the 
book is about.” 


Having read carefully only a 
small fraction of the book, | am 
left in some doubt as to whether 
the authors’ general method, the 
second step of which is a big 
backward step introducing an ill- 
defined, fictitious comparison 
house, is in fact ill-conceived, or 
whether it has merely been im- 
properly explained and wrongly 
focused. 

Perhaps the authors’ real intent 
is to show how to compare differ- 
ent passive design features, i.e., 
how to estimate the auxiliary heat 
savings that can be made by small 
changes in south window area, in 
amount of thermal mass, and in 
other design elements. 

Perhaps “solar savings incre- 
ment” is what the book is about. 
Perhaps the authors could aban- 
don the fictitious comparison 
house and abandon the conten- 
tion that solar savings fraction 
itself has any simple significance. 
It is the increments provided by 
various intelligently chosen 
changes in passive design that 
.are of interest — not the absolute 
value relative to a fictitious and 
unlivable house. 

Could it be that the (nameless) 
method described in this book 
should be used only for evaluat- 
ing the effects of small changes in 
passive design, and that design- 
ers interested in the absolute 
values of overall heat loss and 
overall auxiliary heat need should 
switch to a direct calculation 
using a high-capacity computer 
— the method that has been given 
the degrading name “simulation”? 
On p. 261, the authors state that 
simulation gives especially accu- 
rate results and, with the prolifer- 
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ation of high-capacity, low-cost 
computers, may soon be the pre- 
ferred method. 

A final worry: Does the authors’ 


nameless method stack the cards 


against superinsulated houses? 
Such houses are, in a very real 
sense, direct-gain passive 

houses. They are easy to design 
and build, and to calculate their 
thermal performance is espe- 
cially simple. Their superb ther- 
mal performance in winter and 
summer has been well demon- 
strated. Why, then, does this book 
scarcely mention them? Where, 

in this book, does one find recog- 
nition that (1) it is now easy to 
insulate a building so well that 
conductive heat loss in winter 
(and heat gain in summer) is rela- 
tively trivial; (2) intrinsic heat 
amounts to a considerable frac- 
tion of the total wintertime heat 
need; (3) the intrinsic thermal 
mass of a house, with no resort to 
concrete floors or walls, is im- 
pressively large (on the order of 
15 tons); and (4) a house that 
takes advantage of these facts 
may need no substantial backup 
system, with savings that may 
amount to $1,000 to $4,000? 


“The present book is 
without parallel...” 


By any chance, would the 
superinsulated house be the ideal 
house for use as a reference 
house? Now that designers are 
learning how to reduce auxiliary 
heat need further and further, has 
not the time come to do an about- 
face and compare performance 
with the top of the scale (com- 
plete freedom from furnace) in- 
stead of the bottom of the scale 
(atrocious design and great de- 
pendence on furnace)? 

| have mentioned only a very 
few of the book’s good features. | 
have not mentioned the enor- 
mous number of fact-filled tables 
and graphs or the 19 kinds of cor- 
rection factors that can be used to 
extend the overall method to a 
wide variety of direct-gain and 
Trombe-wall designs and to 
many other designs. As everyone 
knows, the Los Alamos group has 
done an enormous amount of 
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work in constructing, testing, and 
analyzing passive solar struc- 
tures and has done valuable pio- 
neering work in correlating the 
results and compiling, for wide- 
spread use, short-cut calculational 
procedures. The present book is 
without parallel and fills, or 
makes a strong beginning at fill- 
ing, a big void. Let us hope that a 
revised edition, with clearer logic 
and better writing, will be pre- 
pared soon. 


William A. Shurcliff, Physicist 
19 Appleton St. 
Cambridge, MA 02138 
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ABSTRACT 


Correlation methods for the analysis of 
solar system performance are described 
and the Solar Load Ratio (SLR) method 
applied to passive systems is presented in 
detail. Reference designs are defined and 
correlation constants are given for 94 
cases representing a variety of direct gain, 
thermal storage wall and sunspace con- 
figurations. A method of handling inter- 
nal heat generation through the use of a 
balance point temperature for the de- 
gree-day base is described, and an exam- 
ple of the monthly calculation process is 
presented. Solar radiation correlations 
for quickly estimating monthly solar radi- 
ation absorbed, as needed to use the 
method, are described. 





INTRODUCTION 


It is now generally accepted that computer sim- 
ulation analysis using a validated thermal network 
mathematical representation of energy flows can 
accurately represent the thermal performance of 
passive solar buildings. The analysis generally uses 
hourly solar and weather data and is desirable if the 


designer has the necessary computer equipment, 
time and money. Most designers want simpler 
techniques to use with hand calculators or desk- 
top microcomputers which can generate estimates 
in a few minutes. 

Such simplified correlation techniques can be 
reasonably accurate and are particularly useful 
early in the design process when quick feedback is 
essential. They can be applied to either residential 
or commercial buildings. 

This paper focuses on both a monthly calcula- 
tion, the Solar Load Ratio (SLR) method, and an an- 
nual calculation, the Load Collector Ratio (LCR) 
method, which were developed at Los Alamos 
National Laboratory. The annual method uses ta- 
bles precalculated by the SLR technique and is 
more appropriate to hand analysis, while the 
monthly method is more versatile and appropriate 
to programmable calculator or microcomputer- 
aided analysis. 


CORRELATION METHODS 


In a correlation technique, one seeks to relate a 
desired result to one or more correlating parame- 
ters (generally dimensionless). Success is much 
more likely if the’ chosen correlating parameters 
preserve some essence of the overall physics gov- 
erning the energy balances. The F-chart technique, 
developed at the University of Wisconsin for active 
solar systems, is an example of a correlation tech- 
nique.' In that case, two correlating parameters 
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were used. Researchers at the Los Alamos National 
Laboratory independently developed the SLR 
method for active systems, which utilizes one cor- 
relating parameter, the solar load ratio.? The ratio 
essentially relates the monthly net solar energy 
available to the building to the monthly net heating 
load that would be experienced by a comparable 
building without the passive solar element. Since 
then, the SLR method has been applied extensively 
to passive solar systems, and the University of Wis- 
consin has developed the un-utilizability method 
for passive systems.? 

The un-utilizability and SLR methods have two 
things in common. First, they use monthly weather 
data to predict monthly performance. A month 
has been found to be a particularly useful time in- 
terval, being long enough that statistical variations 
tend to average out, and short enough that the 
basic weather statistics are stationary. Furthermore, 
only 8 to 12 monthly heating calculations are re- 
quired to predict annual performance. The SLR 
prediction of monthly performance leads to rela- 
tively high errors (typically +8%) but annual per- 
formance is predicted using LCR with an error of 
only +3%, typically (compared to the simulation re- 
sults). This is adequate for design purposes, being 
significantly less than the year-to-year variation in 
weather that can be anticipated. 

A second common feature of the methods is that 
the correlations are derived using “data” devel- 
oped from hour-by-hour computer simulations. 
The Transient System Analysis (TRNSYS) program 
generated the data used for the F-chart method 
and the PAssive SOLar Energy* (PASOLE) program 
generated the data for the passive SLR correlations. 
In short, the correlation techniques are second- 
generation analytical procedures, intended to give 
reasonably good correspondence with simulation 
analyses. Their results are intrinsically no better 
than those obtained from simulations. The correla- 
tions techniques, however, require several thou- 
sand times fewer calculations to complete a yearly 
estimate and require no more expensive equip- 
ment than a hand-held calculator. 


THE SLR METHOD APPLIED TO 
PASSIVE HEATING SYSTEMS 


The SLR method has been applied extensively to 
a variety of passive heating systems. A different cor- 
relation is required for each different passive sys- 
tem configuration such as sunspace or Trombe 
wall. The method is the basis for the design tech- 
niques described in Volume Two of the Passive 
Solar Design Handbook’ and widely used within 
the passive solar design community. Varied hand- 
held calculator and microcomputer programs have 
been written using the methodology, and many are 
for sale.® 

As noted, the parent set of monthly performance 
data for the SLR correlations has been generated 
using the PASOLE# hour-by-hour computer simu- 
lation code. The original method used asingle cor- 
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relating parameter (SLR) defined as follows: 


SLR = solar energy absorbed 
building heating load (1) 


Different definitions of “solar energy absorbed” 
and “building heating load” have been used in the 
past; this paper develops more precise, current 
definitions. The correlation time is 1 month so that 
each of the parameters in the above equation is 
for a 1-month period. Both the numerator and 
denominator of SLR are in energy units so that SLR 
itself is dimensionless. 

The parameter that is correlated to the SLR is the 
solar savings fraction (SSF) defined as follows: 


SSF =1- auxiliary heat (2) 
net reference load ~* 

In this equation the net reference load is equal 
to the degree-day load of the nonsolar elements 
of the building as follows: 


Net reference load = (NLC): (DD) (3) 


where NLC is the net load coefficient. The NLC is 
computed leaving out the solar elements of the 
building. This is the “building load coefficient” or 
BLC in Volumes Two and Three of the Passive Solar 
Design Handbook.>, 7 The change is to emphasize 
by the word “‘net”’ that only the nonsolar elements 
are included. The nominal units are Btu/°F day 
(Wh/°C day). The quantity DD is the degree-days 
computed for an appropriate base temperature, as 
will be discussed later. (See Eq. 14.) A building en- 
ergy analysis based on the SLR correlations would 
then begin with a calculation of the monthly SSF 
values. The monthly auxiliary heating require- 
ments are then calculated by inverting Eq. 2: 


Auxiliary heat = (NLC) -(DD)-(1- SSF). (4) 


The annual auxiliary heat is the sum of the monthly 
values. 

By definition (Eq. 2), SSF is the fraction of the 
degree-day load of the nonsolar portions of the 
building that is saved by the solar element. To place 
this definition in a concrete context, anonsolar ref- 
erence building was defined in Volume Two of 
the Passive Solar Design Handbook’ as a basis for 
defining an annual energy savings due to the solar 
elements. This definition of a reference building 
provided a useful model in a simple analysis, but 
it unnecessarily complicated the method and was 
often misinterpreted as limiting the analysis to 
comparisons with that particular reference build- 
ing. Therefore we recommend that expressing the 
analysis in terms of a particular reference building 
be discarded in favor of either of two approaches. 


1. The first approach is more convenient and 
easier to use than the second but is less accur- 
ate. It is based on the observation that if the 
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solar elements of the building (south-facing 
walls and windows) were to be replaced by 
other elements such that the net annual flow 
of heat were zero, then the annual heat con- 
sumption would be the net reference load. 
The savings achieved by the solar elements 
would therefore be the net reference load 
(Eq. 3) minus the auxiliary heat (Eq. 4): 


Solar savings = (NLC)-(DD)-(SSF). (5) 


Although very simple, this is a reasonable ap- 
proximation because in many situations and 
climates it is approximately true that a “‘nor- 
mal” solar-facing wall, with anormal comple- 
ment of opaque walls and windows, will have 
an approximately null effect taken over the 
whole heating season. Thus the term “‘solar 
savings fraction,’ while having the precise 
definition given in Eq. 2, also is a reasonable 
indicator of the actual savings (as a fraction 


and the procedure outlined in Volume Two 
of the Passive Solar Design Handbook: is the 
calculation of DD. In the handbook two types 
of DD were determined, one for the solar 
building and one for the nonsolar building. 
The latter type was used only to define an 
annual SSF. This distinction is now dropped 
and only one type of degree days is used, as 
will be discussed later. 


2. In the second alternative one defines a 
nonsolar comparison building in any desired 
way (although it is often difficult to obtain 
agreement on a single definition). The the 
auxiliary for this comparison building can be 
calculated using the SLR method to estimate 
the direct gain solar effect. In this case “solar 
savings” is the difference between the auxil- 
iary heat of the nonsolar and solar buildings. 
This method requires a second complete 
building calculation. 


In any case, SSF is not a figure of merit in itself, 


of the net reference load) that can be expec- but is more appropriately considered as a conven- 


ted. 


The difference between this approach 
(which is the one used later in an example) 


ient correlation parameter useful as an intermedi- 


Glossary 


Auxiliary heat—Conventional 
heat delivered by space heating 
equipment to the building as a 
supplement to solar heat. 

fixed 


Base temperature—A 


temperature in the definition 
of degree days. 


Clearness ratio (K;)—The ratio 
of monthly total horizontal to 
monthly extra-terrestrial hori- 
zontal radiation. 


Degree days (DD)—Also heat- 
ing degree days or degree days 
above a base temperature. The 
summed differences between a 
fixed base temperature and the 
daily mean outdoor tempera- 
tures. Only positive differences 
are counted, that is, when the 
outdoor mean is less than the 
base temperature. The daily 
mean is traditionally computed 
as the mean of the daily mini- 
mum and maximum tempera- 
tures. 


Floating band—The tempera- 
ture range between the heating 
and cooling thermostat set- 
points. 


Voie: Nos2 


Gross reference load—Steady 
state heat loss from a building 
assuming a constant indoor 
temperature. Both solar and 
nonsolar portions of the build- 
ing are included. 


Internal heat—Heat generated 
inside the building by sources 
other than the solar system or 
the space heating equipment 
such as appliances, lights and 
people. 


Net load coefficient (NLC)— 
Net reference load per degree 
of indoor-minus-outdoor tem- 
perature difference per day. 


Net reference load—Steady- 
state heat loss from the non- 
solar portions of the building 
assuming a constant indoor 
temperature. See Eq. 3. 


PASOLE—PAssive SOLar_ En- 
ergy, an hour-by-hour compu- 
ter simulation program for pas- 
sive solar energy systems. 


Reference loads—See net ref- 
erence load and gross reference 
load. 


Solar load ratio (SLR)—Ratio of 
solar gain to heat load used in 
SLR correlations. See Eq. 9. 


Solar savings fraction (SSF)— 
The fraction of the net refer- 
ence load that is met by solar 
heat. See Eq. 2. 


SOLMET weather data—A com- 
pilation of solar radiation and 
meteorological data for solar 
system analysis. 


SUNSPOT—An __ hour-by-hour 
computer simulation program 
for direct gain passive solar 
energy systems derived from 
PASOLE. 


Total load coefficient (TLC)— 
Gross reference load per de- 
gree of indoor-minus-outdoor 
temperature difference per day. 


Typical meteorological year 
(TMY)—A composite year of 
hourly solar radiation and me- 
teorological data used for solar 
system analysis. The years were 
constructed by combining typi- 
cal months selected from the 
period of record for each of 26 
locations in such a way as to 
represent typical years. 


ate number needed in the process of estimating 
the required auxiliary heat. 
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Reference Designs 


The hour-by-hour simulations that are used as 
the basis for the SLR correlations are done with a 
detailed model of the building in which all the dif- 
ferent design parameters are specified. (The only 
design parameter that remains variable is the load 
collector ratio (LCR), defined in Eq. 10.) 

The correlations allow the designer to estimate 
performance variations due to changes in acertain 
limited group of design parameters. These are the 
thermostat setpoint, the internal heat generation 
rate, the glazing orientation and configuration, 
shading and other modifiers of the solar radiation. 
There is no allowance, however, for estimating the 
effect of changes in the many other design param- 
eters. Thus the correlations relate only to the ref- 
erence designs used in the simulations. 

One way to overcome this difficulty is to use sen- 
sitivity calculations that have been done using the 
hour-by-hour simulation codes. The procedure is 
to perform a series of year-long simulations for 
different values of one of the design parameters, 
holding all other parameters at the reference level. 
These results are generally presented in graphic 
form and allow the designer to see the effect of 
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changing one particular design parameter. This 
procedure is followed for each of the different de- 
sign parameters. Major parts of Volumes Two and 
Three5, 7 are taken up with such sensitivity studies. 


Another possibility is to provide enough differ- 
ent SLR correlations for different selections of de- 
sign parameters that one can come reasonably 
close to the intended design or bracket the calcu- 
lation with two SLR estimations. This approach is 
quite practical. Since the publication of Volume 
Two,° the number of configurations for which cor- 
relations have been developed has been expanded 
from the original 6 to 94. (See appendices B and C.) 
These results are presented in Volume Three.’ 


Nine different direct-gain correlations have 
been developed representing different numbers 
of glazings, different values of storage-surface-to- 
glazing-area ratios and different wall thicknesses. 
Fifty-seven different thermal storage wall correla- 
tions have been developed representing Trombe 
wall and water wall, use or nonuse of night insula- 
tion, different numbers of glazings, use or nonuse 
of a selective surface, different Trombe wall thick- 
nesses and thermal conductivities, different water 
wall masses, and both vented and unvented 
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Graph: L.A.N.L. 


Figure 4: Solar load correlation for passive system SSD1. Individual values of SSF and SLR resulting from the hourly sirn- 
ulations are shown for months having greater than 100 degree days F (56 degree days C). See Fig. 2 for city identifica- 
tion. The curve is the SLR correlation, chosen to yield a minimum square error in annual SSF. 
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Trombe walls. Twenty-eight different sunspace 
correlations have been developed representing 
five different configurations, glazed and unglazed 
end walls on the linear configurations, use or non- 
use of night insulation, and masonry wall or water 
drum storage. (See Appendix A for a summary of 
the reference design characteristics.) 


Example of an SLR Correlation 


As an example of the correlation results, we give 
simulation results in Fig. 1 and the corresponding 
correlation accuracy in Fig. 2 for one reference de- 
sign, the case of asemi-enclosed sunspace with 50° 
sloped glazing, masonry thermal storage between 
sunspace and house, and no night insulation. This 
is system type SSD1. (See Appendices A and B for 
the system characteristics.) 


Procedure 


A solar load ratio (SLR) correlation is generated 
by a statistical least-squares fit of an ensemble of 
monthly data points that represent the monthly 
performance of a particular passive solar system. 
These points are computed using a detailed hour- 
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by-hour computer thermal network simulation 
model of the passive system. Each model has been 
validated based on comparisons with test room 
data. The PASOLE computer code‘ and its deriva- 
tive, SUNSPOT,® are the codes used. Annual simu- 
lations are done using typical meteorological year 
(TMY) data for ten or more cities representing a 
broad spectrum of U.S. climate types. Typically, 
hour-by-hour simulations are performed over a 
full year for each city for five different values of 
LCR (defined in Eq. 10). This gives a reasonably di- 
verse ensemble of data points. The functional form 
of the SLR correlation allows for the selection of 
several different coefficients. The entire set of 
monthly simulation results is used to determine a 
set of coefficients that results in a minimum square 
error in the prediction of the annual solar savings 
expressed as a dimensionless solar savings fraction. 


The scatter in the monthly points (Fig. 1, for ex- 
ample) appears severe, but the greatest deviations 
are for the warmer months (larger SLRs) that have 
little effect on the annual results. The standard de- 
viation of the error in prediction of the annual solar 
savings fraction, compared to the hour-by-hour 
simulations, is typically 2 to 4%. 
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Figure 2: Comparison of correlation vs. simulation results for passive system SSD1. The x-axis is the simulation result 
‘and the y-axis is the result of the SLR monthly method using the SLR curve on Fig. 1. The root-mean-square error of these 
420 points is 2.8%. The city identification is the same for Fig. 1 and Fig. 2. 
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Initially, two SLR correlation forms were used, 
one for direct gain and another for all other sys- 
tems. To avoid confusion, a general, slightly more 
complicated correlation form has been adopted 
that encompasses both. The monthly SSF is given 
by 


SSF =1-(1-F)K (6) 
where 
oe G 
K=1+76R (7) 
and 
me B - C exp (-D-: X)when X >R (3) 


A-X when X <R 


Equation 8 requires the additional condition that 
the maximum value of F is 1. The quantity X is the 
generalized solar load ratio, 


X = (S/DD - LCR, - H)/(LCR - K). (9) 


Values for the correlation coefficients A, B, C, D, 
G and H for 94 passive system types are given in 
Appendix C. Note that H = O for direct gain, and 
for all other systems B =1,G =0 and R =-9 (which 
means that the second line of Eq. 8 is not used). Sys- 
tem identifications are given in Appendix B. Ref- 
erence designs are described in Appendix A. 

The quantity LCR has the same meaning as in the 
design handbook:;, 7 


LCR — —net load coefficient _ NLC (10) 
projected area Ap 
where “‘net load coefficient” (NLC) refers to the 
load coefficient of all of the building except the 
solar radiation aperture (same as “building load co- 
efficient” or BLC in the handbook®: 7). The “pro- 
jected area” (A_) is the area of the net solar glazing 
as projected on a vertical plane (same as collection 
area, A_, in the handbook:; 7). This is the same as 
the area measured on an elevation drawing normal 
to the glazing azimuth. * 

The parameter LCR, is the load collector ratio 
of just the solar aperture. Nominal values of LCR. 
are given in the correlation coefficient tables, how- 
ever LCR, can be modified in practice to reflect 
changes in system design compared to the refer- 
ence design. The dimensionless parameter H was 
determined at Los Alamos in the course of devel- 
oping the correlations. 


*It is recognized that using projected area is less convenient 
than using actual area. The advantage occurs when one wants 
to analyze a sunspace configuration that does not exactly cor- 
respond to one of the five reference design types. If actual area 
were to be used, significant error could result, whereas using 
projected area gives better accuracy for a wide variety of pos- 
sible configurations. It is equally possible to use the actual area; 
however it is necessary to be consistent throughout. Each of the 
variables in the equation for X must be normalized to the same 
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The parameter S is the solar radiation absorbed 
in the building per month per unit of projected 
area. It can be estimated using the solar radiation 
correlations described below (see.Eq. 11) or by 
more complex trigonometic relations given in the 
literature. 


Note that the correlations in this paper are the 
same as those in the third volume of the handbook? 
but are slightly different than those given in the 
second.® The changes are due to the change in cor- 
relation form, to changes in reference designs, and 
to minor inconsistencies in the earlier analytical 
models. These new correlations show somewhat 
improved performance compared to those of Vol- 
ume Two.° 


With minor exceptions, there are no known 
non-random variations in the SLR correlation re- 
sults compared to the simulation results. The ex- 
ceptions are some non-night insulated sunspace 
and thermal storage wall correlations at SLR less 
than 0.3. The result is that the correlations may 
overpredict SSF by a few percent for LCR values 
greater than 100. These correlations may be mod- 
ified slightly in the future but for now one can test 
for these errors by calculating the performance 
of a comparable night-insulated case; if the per- 
formance of the non-night insulated case is 
greater, then reduce SSF to the night-insulated 
value. 


SOLAR RADIATION CORRELATIONS 


Solar radiation correlations are determined in a 
similar fashion to those for solar heating but by use 
of only the hourly solar radiation processor part of 
the computer simulation code. The hourly total 
horizontal and direct normal solar radiation from 
the 26 typical meterological year (TMY) cities are 
used to determine the solar radiation incident on 
and transmitted through glazings of various orien- 
tations. The diffuse sky radiation is assumed to be 
isotropic. The ground is assumed to have a diffuse 
reflectance of 0.3. Correlations are then deter- 
mined for the monthly totals. The results are more 
accurate than the earlier correlations published in 
Volume Two® due to the use of two correlating 
parameters, the latitude minus the midmonth solar 
declination (L - D) and clearness ratio, K,, rather 
than just L - D. The improved accuracy is most not- 
able in cloudy climates where the earlier correla- 
tions led to errors up to 20%.9 The accuracy now 
is adequate for use with the SLR process. 


The desired result is §, the solar radiation ab- 
sorbed in the building per month per unit of pro- 


area. Thus in calculating S, LCR and LCR,, be sure to use the 
same convention. Note that the solar radiation correlations 
given in Appendix F are defined in terms of the projected area, 
as defined herein, and those with tilted glazing would need to 
be modified by an appropriate constant if actual area were to be 
used instead. Also, the last column in Appendix C, which gives 
values of SSF for LCR = 20 (113 Wh/°C day m2), is based on an 
LCR calculated with the projected area. 
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jected area. To estimate S, it is convenient to use 
the following product of factors: 


meet _A __incident 
S-N-HS A, _ horizontal 
_transmitted absorbed (11) 
incident transmitted 
where 
N =number of days per month, 
HS =average daily total solar radiation 


on a horizontal surface, Btu/ft? day, 
(Wh/m? day), and 


A/A, =actual area/projected area. 


If there is more than one glazing orientation, 
this formula can be used to estimate the contribu- 
tion to S from each. 

The last three ratios in the above equation for S 
are usually of the form used in Volume Two of the 
handbook?: 


Ratio — C; + Co*(L= D) + C3 {Ll - D) (12) 


except that now the correlation coefficients C,,C, 
and C, are themselves linear in the clearness ratio, 
he: 

Gr = Bist Ba Ke 

Co2=Be2+ Bs: Kr 

C3=Bs3 + Be: Kr (13) 


For two of the transmittance correlations it was 
necessary to extend the correlation out to the 
(L - D)® term. 

The general solar radiation correlations are given 
in Appendix E. Twelve correlations are given for 
the ratio incident/horizontal for different azi- 
muths and tilts. Also given are 13 correlations for 
the ratio transmitted/incident for each case of 
single, double and triple glazing. The ratio ab- 
sorbed/transmitted is not a simple function; tables 
for this are given in Volume Three’ but are too vo- 
luminous to be reproduced here. Values of the ab- 
sorbed/transmitted ratio for the Trombe wall, 
water wall, and direct gain reference designs are 
given in Appendix D. 

For the special case of a south-facing solar aper- 
ture, it is convenient to combine three or four of 
the ratios in Eq. 11 into one. This can be done with 
the reference designs because then the geometry, 
azimuth and tilt are all specified. For the Trombe 
wall, water wall and direct gain cases, the first three 
ratios are combined into one: transmitted/hori- 
zontal. The absorptance can then be obtained from 
Appendix D. For the sunspace cases, all four ratios 
are combined into one: S/horizontal. These com- 
bined correlations are given in Appendix F. They 
are not exactly equivalent to the more general 
products, but are reasonably accurate. 
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PERFORMANCE TABLES FOR PARTICULAR 
LOCATIONS (ANNUAL METHOD) 


Because the correlation curves are developed 
using weather data from a variety of different loca- 
tions, these curves can be used in locations that 
have a climate type encompassed by the data for 
the original cities. However, an annual solar savings 
fraction calculation involves summing up the re- 
sults of twelve monthly calculations. For a particu- 
lar city, the resulting SSF depends only on LCR (the 
ratio of the net load coefficient to projected area), 
the system type and the temperature base used in 
the calculation of the degree days. Thus it is pos- 
sible to make up tables for a particular city that re- 
late SSF to LCR for the various systems, assuming 
one particular degree-day base temperature. 
These tables are easier for hand analysis than are 
the SLR correlations. 

Annual SSF vs LCR tables have been made up for 
209 different locations in the U.S. based on the 
SOLMET weather data’ " and 10 cities in southern 
Canada. These are given in Volume Three.” These 
tables form the basis of a simplified design pro- 
cedure—the LCR method—described in Volumes 
Two and Three. » 7 


MIXED SYSTEMS 


A simple methodology has been developed for 
dealing with designs that have more than one pas- 
sive type when using the SLR method.° The tech- 
nique treats the building net load coefficient as if 
it were divided into portions in the same ratio as 
the relative projected areas of the various passive 
system types. This amounts to the simple assump- 
tion that each of the system types serves a portion 
of the load with no exchange of heat across an im- 
aginary boundary within the building. Normally 
one would expect that transfers which do take 
place would be beneficial and, therefore, the cal- 
culations based on this assumption might be some- 
what conservative. 


The procedure is as follows: 


1. Calculate one LCR for the entire building, 
using NLC for the entire building and the sum 
of all projected areas for A,,. 


2. Calculate individual values of SSF for each 
passive type using the appropriate correla- 
tion or table and the LCR determined in step 
one, above. In this calculation use the appro- 
priate separate values of Sin Eq. 9 for each sys- 
tem. (Note that this treatment of S departs 
from the procedure recommended in Vol- 
ume Two.?) 


3. Calculate the whole building SSF by com- 
puting an area-weighted average of all of the 
SSFs determined in step two, above. 


ACCOUNTING FOR INTERNAL HEAT 


Energy generated within the building by people, 
appliances, lights and equipment partially offsets 
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the need for auxiliary heat. A convenient method 
to account for this interal heat is to make the base 
temperature for calculating degree days equal to 
the balance point temperature. The procedure is 
as follows: 


Dpabe ia Livelencd point 
+e daily internal heat 
= ets ee ee 


(14) 
total load coefficient 


“Daily internal heat” is the total internal energy 
deposited during one day in the building, and the 
“total load coefficient” is the net load coefficient, 
NLC, plus the steady-state heat load coefficient of 
the solar aperture. The average thermostat setting 
is’ te 

For this procedure to be accurate, it is important 
to include only that portion of the internal heat 


that stays in the building. The heating and ventila- 
ting system may discharge some of the internal 
heat directly, in which case ‘this should not be 
counted. 

In practice, the reduction in annual auxiliary 
heat requirements that results from an increase in 
internal heat is often less than one-half of the an- 
nual internal heat. It is normally more efficient to 
use just auxiliary heat when needed and to put in- 
ternal heat into the building only as necessary for 
lighting and other vital functions—not to put in 
internal heat as, in effect, an auxiliary heat source 
itself. 

For clarity, this paper includes an example of 
these procedures as they would be applied to a 
building in Denver, Colorado. 


Continued on page 78 


Consider a commercial building located in 
Denver, Colorado with 3000 ft? (280 m2) of usable 
space and a sunspace entry foyer. The projected 
area (A)) is 420 ft? (39 m2). A sketch and prelim- 
inary plan are shown in Fig. 3. Note that the metric 
and English unit versions of the example are not 
exact conversions of each other. They are, in- 
stead, approximately the same example but with 


building parameters chosen as round numbers. 
Preliminary estimates of the heat load coefficients 
are shown in Table 1. 

In order to calculate a load coefficient, a factor 
of 24 is needed to convert from Btu/°F h to 
Btu/ °F day (W/°C toWh/°C day). The net load co- 
efficient, NLC, is computed without the solar ap- 
erture: 
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Drawing: LA.N.L. 


Figure 3: Floor plan and perspective drawing for the commercial building used as an example. The long sun- 
space on the south side serves both as the building main entrance and hallway. Distribution of solar heat to the 
offices is primarily by convection through the doorways from the sunspace. The principal mass in the building 
is in the common wall that separates the sunspace from the offices and in the sunspace floor. Miscellaneous 
doors and windows on the east, west and north facades are not shown. 
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Estimated Heat Load Coefficients for Example Building 


Metric 


Area A U-value U UxA 
(m?) (W/m?°C) (W/°C) 


186 0.23 42.8 
280 0.17 47.6 
280 0.23 64.4 

10 3.15 31.5 


186.3 

95.2 
281.5 
110.5 


Opaque wall 
Ceiling 


Subtotal 


Subtotal 


Floor (over crawl space) 


Windows (E, W, N) 


Infiltration 


Sunspace (treated as 


English 


Area A 
(ft?) 


2000 
3000 
3000 

100 


U-value U UxA 
(Btu/h ff?°F) (Btu/h °F) 


0.04 80 
0.03 90 
0.04 120 
0.55 55 


345 
180 
525 
209 


unheated space 


392.0 Total 


calculated later) 


734 


Table 4: ASHRAE procedures are approximated with V = volume, ff*; c = heat capacity of Denver air, Btu/ft8°F; 
ACH = air changes/h; equivalent U x A for infiltration =V x c x ACH. In this instance, V = 24,000 ft*, c = 0.015 Btu/ff°°F, 
ACH = 0.5. (In the metric, V = 680 m%, c = 0.28 Wh/m°°C, ACH = 0.5.) 


NLC = 24 - (525) = 12,600 Btu/°F day 
(NLC = 24 - (281.5) = 6756 Wh/°C day) 


and the total load coefficient, TLC, includes the 
solar aperture: 


TLC = 24- (734) = 17,620 Btu/°F day 
(= 24 - (392.) = 9408 Wh/°C day). 


The load collector ratio, LCR, is 


LOR — NLC/A, 
= 12,600/420 = 30 Btu/ft” °F day 
(= 6756/39 = 173 Wh/m’? °C day). 


Suppose that the daily internal heat is 141,000 
Btu/day (41.8 kWh/day) and that the average 
thermostat setting is 68 °F (20 °C). Then: 


Toase = 68 - 141,000/17,620 = 60 °F 
(= 20 - 41800/9408 = 15.5 °C). 


Thus, degree days are to be calculated for a 60 °F 
(15.5 °C) base temperature. 

In this example the solar system is type SSD1. 
This is a semi-enclosed sunspace with a 50°-tilted 
double glazing and a 12-in. (30-cm.) masonry wall 
between the sunspace and the remainder of the 
building. In this. commercial building, the sun- 
space is used as an entry foyer and main east-west 
hallway and contains only afew decorative plants. 
Therefore, to achieve a projected aréa of 420 ft? 
(39 m2) requires an actual net glass area of 420/sin 
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50° = 548 ft? (39/sin 50° = 50.9 m2). Note that the 
sunspace area is not included in the 3000 ft? 
(280 m2) floor area nor are any heat flow paths 
from the main building into the sunspace in- 
cluded in the calculation of the net load coeffi- 
cient. 

The nominal value of LCR, for Type SSD1 is 17.8 
Btu/ft2 °F day (101 Wh/m? °C day); however, 
small changes from the nominal value may be 
accounted for by calculating LCR, for the actual 
building. LCR, should include only heat flow 
paths from the sunspace to the outside. Table 2 
presents an example. 


As developed in Table 2, 


ECR = 235 Butt’ °F day 
(= 135 Wh/m? °C day). 


Using the constants of Appendix C, the SLR 
formulas become 


X =(S/DD - 23.5 x 0.84)/30 
(= (S/DD =185 # 0.84)/172) 
SSF = 1 - 0.9889 exp(-0.6643 X). 


Values of S and DD need to be determined for 
each month. For S we can use the solar radiation 
correlation for SSD1 from Appendix F assuming a 
due south building orientation and no shading. 
An example will be carried through for January. 

Parameters needed to apply the correlations of 
Appendix F are (L - D), the latitude minus the mid- 
month solar declination; and K;, the average 
monthly clearness ratio. These parameters are 
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LCR, Calculation for Example Building 


UxA 
(W/°C) 


U-value 
(W/m?°C) 


3.18 
0.23 
13 
0.17 











Door 
Roof 


Subtotal 
Infiltration 


Perimeter loss 


Total 


Glass (double) 
Opaque Wall 


English 


Area A U-value UxA 


(ff?) (Btu/h ff?°F) (Btu/h°F) 


548 0.55 301 
55 0.04 2 
20 0.20 4 

580 0.03 AT 


324 
70 
17 


414 


Therefore, LCRs = 24 x 411/420 = 23.5 Btu/ft? °F day. (In the metric, LCRs = 24 x 220.1/39 = 135 Wh/m?°C day). 


Equivalent Ux A for infiltration =V x c x ACH, where V = volume, ft?; c = heat capacity of Denver air, Btu/ft7°F; ACH = air changes/ 
h. In this example, V = 9300, c = 0.015, ACH = 0.5. (In the metric, V = 263 m3, c = 0.28 Wn/m?°C, ACH = 0.5.) 


Equivalent U x A for perimeter loss =Lx f, where L = length of exterior sunspace perimeter, ft., f= perimeter heat loss coefficient 
per foot of perimeter. In this example, L = 72, f = 0.24. The value f = 0.24 corresponds to R12 perimeter insulation. (In the metric, 
L = 22 m., f = 0.41 perimeter heat loss coefficient per meter of perimeter, a value which corresponds to U = 0.47 W/m2°C for 


perimeter insulation.) 


Notes: 

On glazing: 

The sunspace is double glazed, with a % in. (6mm.) gap. 
The recommended U-value is 0.55 Btu/h°F ft? (3.18 W/m?2°C). 

For other glazing considerations, the U-value may be es- 
timated by use of the formula U = 1.083/(N + 1.517 t- 0.4295), 
Btu/hF ft?, where N is the number of glazing layers andt is the 
thickness of the glazing air gap in inches. If t >0.5, use 
t = 0.5. (In the metric, U = 6.14/(N + 0.059/t - 0.4295), W/m?2°C, 
where N is the number of glazing layers and t is the thickness 
of the glazing air gap in millimeters. If f > 12, use t = 12.) 

These values are recommended, not necessarily because 
they give the best estimates of actual glazing heat loss, but 
because they are consistent with the LCR, values used to 
develop the sunspace SLR correlations. In the case of night 
insulation, use the time-weighted average U-value. 


On the load coefficient: 

The steady-state load coefficient of the building through 
the sunspace, treating the sunspace as unheated, can be 
estimated as the effect of two conductances in series. Taking 
the average U-value of the common wall between the sun- 
space and the adjacent building to be 0.424 Btu/h ft?°F and 
the common wall area to be 1005 ft?, the load coefficient 
from the building into the sunspace is U x A = 0.424 x 1005 
= 426 Btu/h°F. This, in series with the 411 Btu/NF from sun- 
space to outside yields 1/(1/411 + 1/426) = 209 Btu/h’F. (In 
the metric, if average U-value of the common wall is 2.4 
W/°C m? and the area is 92.5 m?, then the load coefficient 
from the building into the sunspace is Ux A= 2.4x 92.5 = 222 
W/°C. This, in series with the 221.4 W/°C from sunspace to 
outside, yields 1/(1/220.1 + 1/222) = 110.5 W/°C.) 

This was needed in the earlier calculation of the TLC. 


Table 2: ASHRAE procedures are approximated as in Table 41. See this table’s notes for further explanation of 
sunspace glazing and finding the steady-state load coefficient of the building through the sunspace, treating 


the sunspace as unheated. 


tabulated for 219 U.S. and Canadian locations in 
Volume Three’. Alternatively, they can be calcu- 
lated as follows. For solar declination, we can use 
the approximate formula: 


D = 23.3 cos(30 N - 187.1); N= month 
23.3 cos(80-187.1) = -21.46 degrees. 


Latitude = 39.7; therefore L-D = 61.16. 


For estimating K,, the clearness ratio, we first 
need to estimate the horizontal extraterrestrial 
solar radiation. Convenient formulas are: 


I = 427 (1 - 0.0316 sin(30 N + 252)) 
= 440.2 Btu/ft? h 

(= 1346 (1 - 0.0316 sin(30N + 252)) 
= 1388 W/m’), 


Sha = cos’ (-tan (L) tan (D)) = 70.95°, 
Y = (24/7r)(cos(L)cos(D) sin(Sha)) 
+ (Sha)(z/180) sin(L) sin(D)) = 2.959. 


The average January horizontal solar radiation 
in Denver is 840 Btu/ft? day (2647 Wh/m? day) 
(see Ref. 10 or 11). 


Kr = Qhoriz/(I - Y) = 840/1302 = 0.645 
(= Qhorie/(I - Y) = 2647/4107 = 0.645). 
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Heating Performance Analyses for Example Building 


Net Ref. Solar Aux. 
DD $/DD Load Savings Heat 


S 
(Btu/ft2) (°F day) (Btu/ft2°F day) (108 Btu) (10° Bru) (10° Btu) _ 


0.64 0.64 0.00 
3.29 3.23 0.06 
7.79 5.00 2.79 
10.70 4.65 6.05 
11.76 5.37 6.39 


9.60 5.68 3.92 
8.98 6.39 2.59 
4.78 4.38 0.40 
1.80 1.80 0.00 
0.29 0.29 


59.63 37.43 


S DD S/DD 
(kWh/m?) (°C day) (Wh/m?°C day) 
164.2 
164.6 
128.0 
120.4 
137.6 


143.4 
169.3 
156.6 
156.1 
156.1 


Annual SSF = 11020/17770 = 0.62 


Table 3: SLR method calculations produce performance analyses shown here for the Denver, Colorado, 
commercial building used as an example. See Fig. 4 for a bar chart of these results. 


In these formulas, | is the extraterrestrial direct 
normal solar radiation, Sha is the sunset hour 
angle, Y is a multiplier such that | - Y is the extra- 
terrestrial daily horizontal solar radiation, and 
Qhoriz is the measured average daily horizontal 
solar radiation. 


DENVER 7 COLORADO 


ANNUAL 
LOAD 
ayer Bn =5 


Now S can be estimated using the appropriate 
solar radiation correlation from Appendix F: 


ratio= wip 73147 - 0.15276 Kr) 
+ (-0.15418 + 0.14608 Kr) - (L-D 100 
+ (0.50763 + 3.6950 Ky) - [(L-D)/100} 
='1.677: 


MILLIONS OF BTU/MONTH 


Graph: L.A.N.L. 


Therefore, Figure 4: Bar chart of the SLR results for the example 
S = (81) - (840) - (1.677 building. The chart shows that the solar savings are 
au fe asi ae iis relatively constant from November through April for 
ie (26 this building in Denver and that the auxiliary peaks 
(= (81) » (2647) » (1,67 strongly in December and January. The chart is an 
= 137600 Wh/m’). output from a typical microcomputer routine. 
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Degree days for various base temperatures are 
tabulated for numerous locations in Volumes 
Two and Three of the Passive Solar Design Hand- 
book>, 7 and from the National Climatic Center, 
Asheville, North Carolina.'2 They can also be es- 
timated using the method of Thom? and a stan- 
dard deviation estimate given by Erbs, et al.14 The 
value from Volume Three? for a base temperature 
of 60 °F (75.5 °C) for January in Denver is 933 (578) 
degree days. 























Then: 
S/DD = 43,670/933 = 46.8 Btu/ft? °F day 
xX = 0.902 4and 
abe) ego Peer 


Therefore for January: 


Net reference load = (933) - (12,600) 

11.76 million Btu, 
Solar savings = (11.76) - (0.457) 

= 5.37 milton.btu,.and 
= 11:76-5.37! 

= 6.39 million Btu 


Auxiliary heat 


(Or in the metric, 


S/DD = 137600/518 =265.5 Wh/m?°C day 
A = 0.879, and 
Sol = 0.448. 


Therefore for January: 
Solar savings=(3500) -(0.448)=1570 kWh,and 


This calculation can be repeated for the other 
months with the results shown in Table 3. 
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SHADING AND OTHER CONSIDERATIONS 


Shading and other factors that might modify the 
solar energy absorbed, S, although not accounted 
for in the example, can easily be included in the 
calculational procedure by modifying the monthly 
value of S. These modifying factors may be any of 
the following: 


1. Orientation different than due south or tilt 
other than the reference value 


2. Ground reflectance different than the as- 
sumed value of 0.3 


3. Shading by building overhangs or fins 

4. Shading by neighboring buildings or trees 
5. Addition of a reflector to enhance solar 
gain 

6. Glazing transmittance other than that as- 
sumed in the reference design 
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Net reference load =(518) - (6756) = 3500 kWh, 


Auxiliary heat = 3500 - 1570 = 1930 kWh.) 


A bar graph of these results is shown in Fig. 4. 

Many people will inevitably insist on knowing 
the solar heating fraction, SHF. Although there 
are various possible definitions of SHF, one easily 
obtained value is a “reference SHF”’ computed 
for a degree-day load at areference temperature 
equal to the building balance point temperature. 
In this case 


nd auxiliary heat 
SHE = ‘gross reference load 


where 
gross reference load = (TLC) - (DD) 
= 83.4 million Btu annually, 
(= 24720 kWh annually) 
SHE = 0:78: 


The actual measured SHF should be larger than 
this because the building will occasionally be 
warmer than the thermostat setting of 68 °F 
(20 °C) due to solar gains. A good estimate of the 
actual SHF would require a simulation analysis, 
but this is probably not warranted because SHF is 
not an important result. The important result is 
the annual auxiliary, which is accurately esti- 
mated. 

The annual solar savings of 37.4 million Btu 
(11020 kWh) is also an important result if one 
needs to justify the expense of the sunspace on 
the basis of its energy savings. Of course, the 
amenity and utility values of the sunspace must 
also be taken into account in the justification. 
Note that the sunspace is a good performer, sav- 
ing 68,000 Btu/ft? (217 kWh/m2) each year. 


7. Building absorptance other than that as- 
sumed in the reference design. 


Each of these effects can be estimated using var- 
ious graphs and other available tools.5 7» 15-16 


COMPLEXITY 


Working through the accompanying example 
with a hand-held calculator is tedious and would 
certainly not be considered a “‘simplified method”’ 
by most designers. However, a variety of inexpen- 
sive calculating machines is now available that can 
convert this to a very fast process. Hand-held pro- 
grammable calculators can be programmed to cal- 
culate repetitively and quickly the clearness ratio, 
solar radiation correlation, and SLR correlation. A 
desktop microcomputer provides another step-up 
in speed and convenience at modest cost and can 
be programmed to complete an annual SLR esti- 
mate in 4 to 10 seconds. Either approach can pro- 
vide a very useful tool for estimating the auxiliary 
heating implications of design decisions. 
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Another approach is to use tables that give the 
results of SLR calculations for various values of LCR 
for a particular climate. This is the “annual meth- 
od” mentioned earlier. The advantage is that a sim- 
ple four-function calculator is quite adequate, and 
one can complete an estimate in just a few minutes 
—again quickly enough to be useful as a design aid. 
Such tables are given in the second and third vol- 
umes of the handbook.® 7 The disadvantage is that 
fewer parameters can be varied. The tables require 
that the orientation, degree-day base and LCR, 
all be specified and do not allow one to assess the 
implications of shading. Nonetheless, they are use- 
ful and provide an easy way to assess differences in 
performance for the various system options. A very 
limited example is given in Appendix C where SSF 
is listed for LCR = 20 (113 Wh/°C day m2) for Denver 
for a 65 °F (18.3 °C) base. 


PERFORMANCE VARIATION DUE 
TO LIVING HABITS 


All of the simulation analyses used to develop 
the correlations are based on a building that is used 
in avery specific and regular manner. The auxiliary 
heating thermostat is assumed to be set at a partic- 
ular fixed level. A 10 °F (5.5 °C) floating band is as- 
sumed. If the temperature in the building exceeds 
the thermostat setting by more than 10 °F (5.5 °C), 
then it is assumed that the excess energy is vented 
so as to maintain the temperature less than or equal 
to the upper setting. This energy is not stored and 
is therefore lost. 

It is well known that the manner in which the 
building is operated greatly affects the energy con- 
sumption. The thermostat setting for auxiliary heat 
is by far the most important effect. This shows up 
clearly in a sensitivity analysis. For example, if the 
thermostat setting were to be increased from 68 °F 
to 73 °F (20 °C to 23 °C) in the preceding example, 
the auxiliary heat required would be increased by 
50% (54% for 3 °C increase). See Table 4. 

Therefore, in interpreting the results from moni- 
tored buildings, or in stating the predicted per- 
formance of new buildings, one must be very care- 
ful to specify the operating conditions. 

Other operating characteristics of the building 
can also be important, such as: 


1. If movable insulation is provided, then it 
is important to know how it is operated; 


2. A building with a large traffic in and out 
may experience larger infiltration due to mul- 
tiple door openings; 

3. A building with doorways connecting the 
heated areas and a sunspace might be much 
more comfortable and use less auxiliary heat 
if some attention is paid to the appropriate 
opening and closing of these doors; 


4. The internal heat can have a major effect 
on the required auxiliary. 


DESIGN ANALYSIS VERSUS 
PERFORMANCE PREDICTION 


As pointed out in the previous section, various 
aspects of the operation of a building have an im- 
portant effect on the auxiliary heat requirement. 
Likewise, various building construction character- 
istics and the weather to which the building is ex- 
posed will have important effects on the building’s 
auxiliary consumption. Because many of these 
things are only approximately predictable, analysis 
tools like the SLR method cannot predict the per- 
formance of a particular building during a particu- 
lar year. Instead, the analysis estimates the average 
annual performance using long-term normal 
weather statistics and certain building and opera- 
tion assumptions. 


DECIDING BETWEEN CONSERVATION 
AND PASSIVE SOLAR OPTIONS 


A simple technique has been developed that 
can be used to determine the optimum mix be- 
tween conservation and solar strategies.” In order 
to obtain an answer, one needs the cost character- 
istics of both the passive solar system and the en- 
ergy conservation features. This information will 
generally be in the form of the cost per R per ft? 
(m2) for the wall and ceiling insulation, the cost per 
additional glazing for windows, the cost of reduc- 
ing infiltration (including the cost of adding an air- 
to-air heat recovery unit if needed) and also the 
cost per ft? (m2) for the passive solar collection 
aperture. Given this information, the method pro- 
vides simple equations that can be used to trace out 


The Effect of a Thermostat Setting Change on SLR Method Results 





Metric English 
740 Pha © Thermostat setting 68°F Zach 
a b= 3-> pg 185°C Balance point 60°F 65°F 
2628°C days 3403°C days Degree days 4732°F days 601 8°F days 
47770 kWh 22990 kWh Net reference load 59.6 x 10° Btu 75.8 x 10° Btu 
.62 55 SSF .63 56 
41020 kWh 42590 kWh Solar savings 37.4 x 10° Btu 42.5x 10° Btu 
6750 kWh 40400 kWh Auxiliary heat 22.2 x 10° Btu 33.3 x 10° Btu 





Table 4: Changing the thermostat setting for auxiliary heat produces significantly different SLR method results. 
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the economic optimum-mix line for a particular 
locale. 


COOLING CONSIDERATIONS 


The important issues of summer comfort and 
cooling loads have not been addressed in the work 
reported here. Nevertheless, year-round comfort 
and energy efficiency is the goal of a balanced pas- 
sive solar design. A passive solar heating system 
may aggravate the summer discomfort or cooling 
load because of excessive solar gains through the 
solar aperture, but suitable summer solar controls 
can largely alleviate this potential problem. In- 
deed, some of the elements of a good passive solar 
design for heating also enhance summer comfort, 
namely, mass for thermal storage and conserva- 
tion measures in the building envelope. Other im- 
portant controls are shading and ventilation. It is 
a significant design challenge to tastefully and ef- 
fectively integrate the necessary controls with the 
passive solar heating system and the rest of the 
building so that the heating system performance 
is not unnecessarily compromised, yet does not 
significantly aggravate summer discomfort or cool- 
ing loads. 


CONCLUSIONS 


Correlation methods of analysis have advan- 
tages in greatly simplifying the time and complex- 
ity of performance analyses. Their accuracy is 
generally adequate for design purposes provided 
they are applied to buildings that correspond 
reasonably closely to the reference designs used 
in developing the correlations. The most simpli- 
fied correlation procedures can be used with hand 
calculators, especially if precalculated tables are 
available that include the influence of the weather 
for the location of interest. When reporting the 
results of these calculations, the designer should 
be especially careful to specify the assumptions 
made in the analysis, especially as pertains to both 
operating characteristics and design parameters. 

Correlation techniques like the SLR method are 
especially amenable to use in microcomputer rou- 
tines that can be used in a design office. Very quick 
answers can be obtained during the schematic de- 
sign and design development phases of a building 
to aid in deciding among different designs. This 
would include trade-offs between various conser- 
vation and passive solar options. 
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Appendix A: Reference Design Characteristics 





Masonry properties English 
thermal conductivity, direct gain and sunspace ....................0.. 4.0 Btu/h ft °F 
OT hes 2 Rs OS eee 150 Ib /ft® 
Cue ete ae eR a ee eae is oD ne 0.2 Btu/Ib °F 
Berson ern monce. O1rnomoal sunaceaus soit) mete. eS 0.9 
infrared emittance of selective surface ............. 0... 0. cee eee ee eee 0.4 
Solar absorptances 
eis Oe NS ae Saye Cr eget 2. ieee Can ER. 5 EaMI Ament” anu +S ea 0.95 
aT TECH OCHO fe nr, oo eee ee eR Soha Fee eee ae Gen 0.95 
ue GICNEL CINCH SUI ISCO fray paws once ns Ge wee «0 0.8 

et SE WCNSE ROOT HCI ICNS — oc, ale sb Pee ae eed oe Eno ne vee en eek poe aves 0.9 

BHU eCH GONTIIONT: WON Ea nce tars i ee Vig cue Anew x 6 ne 0.7 

OIMCEMOMIWEIONL SUNOCCS =k oc es Oia arse as neuen sc eee 0.3 
Glazing properties 
PISAUISSIOND. CHICHOCIONSIICS a ar oe soe rasa e Ses TOPE TY PIERS M EE TTT diffuse 
TE SUA ee Pr bane ea i a ollie nora due south 
Ce a 0S Te lan eT i 5, ofS os tat SE te Ca Og? a AS 4.526 
RCT CA MIGION ee eet et, EE once oe acces oe aie ds 0.5 in-* 
PCAGSSOrCOChiOONS Sehr ee ree te Eee % in 
eS OWI OCNIOS 2 WEEE wees Ss Oba ork aes ca eee ce eo ear % in 
OSES EM ES te fs oe ee Oe Ee. width sew ose ns tee Nek 0.9 
Control range 
ORDA EE STE ee RR SR ye cls i eel ae BPA, ny cols Pid poll (8 dt abd 
ee CNS CCH NG re eet rl ee cto og os 3 alta hi ses ee oi 45 °F to 95 °F 
CI OCT CCLICNCOHOL ites tr on es cece ce eas vo ng hrs oe RES ae 0 
Thermocirculation vents (when used) 
vent area/projected area (sum of both upper and lower vents) ........ 0.06 
ee ERO NVEIIS 592 oper ss oes os SOS. =o Ong ee eee 8 ft 
Pen IW 2 ee ee ee a os Beret... <a cee ee ee none 
Night insulation (when used) 
thermal resistance (or conductance, in the metric) .................... RO 
eee Cae SK ICI SITIO hg I oe ae Ac at SRE Pee ee oa Mwale wae ee 5:30 pm to 

7:30 am 
Solar radiation assumptions 
See ere Me cr A as akc ag «5 01s Me cenn + Aes Cigaea'e ne ote none 
oath we Rel PAGa (oY er(e! 9 fet is): see pr ire en eee ee Ce 0.3 
Pe MECIIE COSCON IOCTION os od. otis s+. EMTs os oes = wise <. ~ 0.2 
Other sunspace characteristics 
opaque wall thermal resistance (or conductance) ..................4. R20 
(both insulated wall and end walls, if any) 

INT, ACI tte, ie cs os on SO a vc OUR ae bald ces fk ee 0.5 
masonry wall thickness (masonry wall cases) ................02.0 ee eee 42 in 
water container heat capacity (insulated wall cases) .................. 62.4 Btu/ ft? °F 


(per unit of projected area) 


Metric 


1.73 W/m °C 
2403 kg/m? 
0.836 kJ/kg °C 
0.9 

0.4 


diffuse 
due south 
4.526 

0.2 cm! 
3.2 mm 
42.7 mm 
0.9 


B55, AI0.20. 9 
Pege eO OA 


0.63 W/m2°C 
5:30 pm to 
7:30 am 


0.28 W/m? °C 


0.5 
30.5 cm 
4274 kJ/ m2°C 
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Appendix B: System Identifications 





DIRECT GAIN 
Metric English 
Nominal Thermal Mass-to- Thermal Nominal 
Wall Storage Glazing- Storage Mass 
Thickness Capacity Area No. of Night Capacity Thickness 
(cm) (kKJ/°G m7?) Designation Ratio Glazings Insulation (Btu/ft?°F) (in.) 
54 612 A1 6 2 no 30 2 
i 612 A2 6 3 no 30 2 
54 612 A3 6 2 yes 30 2 
2 beled 919 B41 3 2 no 45 6 
15.2 919 B2 3 3 no 45 6 
15.2 919 B3 3 2 yes 45 6 
10.2 4225 C1 6 2 no 60 4 
10.2 4225 C2 6 3 no 60 4 
10.2 1225 C3 6 2 yes 60 4 





VENTED TROMBE WALL 


anne ere neers creer SSS SSS 
Metric English 


Nominal Thermal Thermal Nominal 
Wall Storage Storage Wall 
pck Thickness Capacity No. of Wall Night Capacity’ Thickness pck 
(kKJ?/s m4°C?)_ (cm) —_(KJ/°C m?) Designation Glazings Surface Insulation (Btu/ft2°F) (in.) — (Btu2/h ft4°F2) 
pet Ae OS OCT asl ve A Mant Ei.) salt bal ee eet ehante rds aie Aeaebarvnmbrinisbreneiebritibd lly ii HAY er A 
3.48 Ae 306 A1 2 normal no 45 6 30 
3.48 22.9 459 A2 Z normal no 225 9 30 
3.48 30.5 612 A3 2 normal no 30 12 30 
3.48 45.7 919 A4 2 normal no 45 18 30 
474 45.2 306 B41 2 normal no 15 6 15 
1.74 22.9 459 B2 2 normal no 225 9 15 
1.74 30.5 612 B3 2 normal no 30 42 15 
4.74 45.7 919 B4 2 normal no 45 18 oo 
0.87 452 306 C1 2 normal no 15 6 7.5 
0.87 22.9 459 C2 2 normal no 225 9 IS 
0.87 lel 612 C3 2 normal no 30 12 to 
0.87 45.7 919 C4 2 normal no 45 18 ho 
3.48 30.5 612 D1 4 normal no 30 12 30 
3.48 30.5 612 D2 3 normal no 30 12 30 
3.48 30.5 612 D3 y normal yes 30 12 30 
3.48 30.5 612 D4 2 normal yes 30 12 30 
3.48 30.5 612 D5 3 normal yes 30 A2 30 
3.48 30.5 612 E41 4 select. no 30 42 30 
3.48 30.5 612 E2 2 select. no 30 12 30 
3.48 30.5 612 E3 4 select. yes 30 12 30 
3.48 30.5 612 E4 2 select. yes 30 12 30 


enn nen nee SSS 
Thermal storage is per unit of projected area. Nominal wall thickness is forthe particular case of pc = 30Btu /ff°F(or pc 
= 2010 kJ/m3°C). 

a 
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Appendix B: System Identifications (cont.) 
UNVENTED TROMBE WALL 








Metric English 
Nominal Thermal Thermal Nominal 
Wall Storage Storage Wall 
pck re Thickness Capacity No. of Wall Night Capacity Thickness pck 
(kKJ2/s m*C?) (cm) (kJ/°Cm?) Designation Glazings Surface Insulation (Btu/ft?°F) —(in.)  (Btu2/h ft4 °F?) 
3.48 4152 306 F4 2 normal no 15 6 30 
3.48 22.9 459 F2 2 normal no 225 9 30 
3.48 30.5 612 F3 2 normal no 30 12 30 
3.48 45.7 919 F4 2 normal no 45 18 30 
1.74 15.2 306 G1 2 normal no 15 6 15 
4.74 22.9 459 G2 2 normal no 22:5 9 15 
1.74 30.5 612 G3 2 normal no 30 12 15 
1.74 45.7 919 G4 2 normal no 45 18 15 
0.87 « [ae 306 H4 2 normal no bs) 6 7.5 
0.87 22.9 459 H2 2 normal no 22.5 9 7.5 
0.87 ola e: 612 H3 2 normal no 30 42 Jin. 
0.87 45.7 919 H4 2 normal no 45 18 70 
3.48 30.5 612 14 4 normal no 30 12 30 
3.48 30.5 612 12 = normal no 30 (2 30 
3.48 30.5 612 13 y normal yes 30 42 30 
3.48 30.5 612 14 2 normal yes 30 42 30 
3.48 30.5 612 I5 3 normal yes 30 12 30 
3.48 30.5 612 J4 4 select. no 30 42 30 
3.48 30.5 612 J2 2 select. no 30 Pes 30 
3.48 30.5 612 J3 4 select. yes 30 a2 30 
3.48 30.5 612 J4 2 select. yes 30 a2 30 
WATER WALL 
Metric English 
Thermal Thermal 
Wall Storage Storage Wall 
Thickness Capacity Wall No. of Night Capacity Thickness 
(cm.) (kKJ/°C m?) Designation Surface Glazings Insulation (Btu/ft? °F) (in.) 
7.6 318 A41 normal 2 no 15.6 3 
15)2 637 A2 normal 2 no 342 6 
22.9 955 A3 normal 2 no 46.8 9 
30.5 4274 A4 normal *, no 62.4 12 
45.7 1914 A5 normal 2 no 93.6 18 
61.0 2548 Aé normal 2 no 424.8 24 
22.9 955 B41 normal 4 no 46.8 9 
22.9 955 B2 normal 3 no 46.8 9 
22.9 955 B3 normal 4 yes 46.8 9 
22.9 955 B4 normal Zz yes 46.8 9 
22.9 955 B5 normal 3 yes 46.8 9 
22.9 955 C1 select. 4 no 46.8 9 
22.9 955 C2 select. rs no 46.8 9 
22.9 955 C3 select. 4 yes 46.8 9 
22.9 955 C4 select. 2 yes 46.8 9 





Thermal storage capacity is per unit of projected area. Nominal wall thickness is for the particular case of pc = 30 
Btu/ft?°F (or pc = 2010 kJ/m?°C). 
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Appendix B: System Identifications (cont.) 
SUNSPACE GEOMETRIES 





Attached (A) 


















Cette S 
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Koh 
Mires Ses 
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Semi-enclosed (E) 
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Appendix B: System Identifications (cont.) 











SUNSPACE 
Tilt Common Night 
Designation Type (degrees) Wall End Walls Insulation 

A1 attached 50 masonry opaque no 

A2 attached 50 masonry opaque yes 

A3 attached 50 masonry glazed no 

A4 attached 50 masonry glazed yes 

A5 attached 50 insulated opaque no 

Aé attached 50 insulated opaque yes 

A7 attached 50 insulated glazed no 

A8& attached 50 insulated glazed yes 

B41 attached 90/30 masonry opaque no 

B2 attached 90/30 masonry opaque yes 

B3 attached 90/30 masonry glazed no 

B4 attached 90/30 masonry glazed yes 

B5 attached 90/30 insulated opaque no 

Bé attached 90/30 insulated opaque yes 

B7 attached 90/30 insulated glazed no 

B8 attached 90/30 insulated glazed yes 

C1 semi-enclosed 90 masonry common no 

C2 semi-enclosed 90 masonry common yes 

C3 semi-enclosed 90 insulated common no 

C4 semi-enclosed 90 insulated common yes 

D1 semi-enclosed 50 masonry common no 

D2 semi-enclosed 50 masonry common yes 

D3 semi-enclosed 50 insulated common no 

D4 semi-enclosed 50 insulated common yes 

E41 semi-enclosed 90/30 masonry common no 

E2 semi-enclosed 90/30 masonry common yes 

E3 semi-enclosed 90/30 insulated common no 

E4 semi-enclosed 90/30 insulated common yes 

All systems are double glazed. 
Appendix C: Solar Load Ratio Correlation Constants and SSFs 
DIRECT GAIN 
Metric Metric 

A B & D R G G H LCRs LCRs SSF 
A1 5650 1.0090 1.0440 Ao eee ot 9.36 (O01) 0.00 0.0 0.0 406 
A2 5906 1.0060 1.0650 £8099 .4684 5.28 (29.9) 0.00 0.0 0.0 535 
A3 5442 971 5ae A ASO 9273 7086 2.64 (15.0) 0.00 0.0 0.0 681 
B41 5739 9948 1.2510 1.0610 7905 9.60 (54.5) 0.00 0.0 0.0 .480 
B2 16180), 4.0000. 1:2760° © 1.1560 97526 ae: (3133) 0.00 0.0 0.0 .600 
B3 5601 ORS. soar ADA boLe 2.38 (13.5) 0.00 0.0 0.0 Yaw 
C1 6344 9887 1.5270 1.4380 .8632 9.60 (54.5) 0.00 0.0 0.0 591 
C2 .6763 9994 1.4000 1.3940 .7604 5.28 (29.9) 0.00 0.0 0.0 .686 
C3 6182 9859 1.5660 1.4370 .8990 2.40 (13.6) 0.00 0.0 0.0 .802 





Solar Savings Fractions (SSF) are for Denver, Colorado; LCR = 20 Btu/ft? °F day, Tpase = 65 °F (in metric, LCR = Wh/m?°C 
day, Tpase = 18.3 °C). This information is provided primarily to provide a check point so that users can verify that the 


correlation constants are entered and used correctly. 
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Appendix C: Solar Load Ratio Correlation Constants and SSFs (cont.) 
TROMBE WALL—VENTED & UNVENTED 








Metric 
A B GS D R G H LCR,  LCRs SSF 

A4 0.0000 4.0000 9194 4601 -9.0000 0.00 4344 13.0 rect 460 
A2 0.0000 4.0000 .9680 .6318 -9.0000 0.00 92 43.0 ris 557 
A3 0.0000 4.0000 9964 Wied -9.0000 0.00 85 13.0 73.7 596 
A4 0.0000 4.0000 4.0190 rv eey! -9.0000 0.00 79 13.0 73.7 .608 
B41 0.0000 4.0000 9364 Alii -9.0000 0.00 4.01 13.0 re Wd Ari 
B2 0.0000 4.0000 9821 .6020 -9.0000 0.00 85 13.0 Fi We f 548 
B3 0.0000 4.0000 .9980 6191 -9.0000 0.00 .80 13.0 eed 559 
B4 0.0000 4.0000 9981 5615 -9.0000 0.00 76 13.0 fou, 534 
C1 0.0000 4.0000 9558 4709 -9.0000 0.00 89 13.0 van 481 
C2 0.0000 4.0000 .9788 4964 -9.0000 0.00 79 43.0 Tan 501 
C3 0.0000 4.0000 .9760 4519 -9.0000 0.00 76 43.0 73.7 479 
C4 0.0000 4.0000 9588 .3612 -9.0000 0.00 73 13.0 TET 430 
D4 0.0000 4.0000 .9842 4418 -9.0000 0.00 89 22.0 124.8 424 
D2 0.0000 4.0000 4.0150 8994 -9.0000 0.00 .80 9.2 52.2 .657 
D3 0.0000 4.0000 1.0346 .7810 -9.0000 0.00 1.08 8.9 50.5 .707 
D4 0.0000 4.0000 4.0606 .9770 -9.0000 0.00 85 5.8 32.9 .762 
D5 0.0000 4.0000 4.0721 1.0718 -9.0000 0.00 64 4.5 255 .765 
E41 0.0000 4.0000 4.0345 8753 -9.0000 0.00 .68 12.0 68.1 .760 
E2 0.0000 4.0000 1.0476 4.0050 -9.0000 0.00 .66 8.7 49.3 .765 
E3 0.0000 4.0000 4.0919 4.0739 -9.0000 0.00 61 ‘sie, 31.2 855 
E4 0.0000 4.0000 4.0971 4.1429 -9.0000 0.00 47 4.3 24.4 835 
F4 0.0000 4.0000 .9430 4744 -9.0000 0.00 1.09 43.0 73.7 458 
F2 0.0000 4.0000 .9900 .6053 -9.0000 0.00 93 43.0 re ‘Sie 
F3 0.0000 4.0000 1.0189 .6502 -9.0000 0.00 86 43.0 73.7 Ns 
F4 0.0000 4.0000 1.0419 .6258 -9.0000 0.00 .80 13.0 Vd 543 
G1 0.0000 4.0000 .9693 4714 -9.0000 0.00 1.01 43.0 (ews 455 
G2 0.0000 4.0000 4.0133 5462 -9.0000 0.00 .88 13.0 Taek 497 
G3 0.0000 4.0000 4.0325 5269 -9.0000 0.00 82 13.0 73.7 487 
G4 0.0000 4.0000 4.0401 .4400 -9.0000 0.00 Tt 13.0 ieee 435 
H4 0.0000 4.0000 4.0002 4356 -9.0000 0.00 93 13.0 73.7 428 
H2 0.0000 4.0000 4.0280 4151 -9.0000 0.00 .83 13.0 ral 414 
H3 0.0000 4.0000 AOS 20 uae -9.0000 0.00 78 13.0 Veo! .372 
H4 0.0000 4.0000 4.0287 .2600 -9.0000 0.00 74 13.0 Fpl) .300 
14 0.0000 4.0000 9974 4036 -9.0000 0.00 94 22.0 124.8 .387 
12 0.0000 4.0000 4.0386 8313 -9.0000 0.00 .80 9.2 B22 .622 
13 0.0000 4.0000 4.0514 6886 -9.0000 0.00 4.01 8.9 50.5 .666 
14 0.0000 4.0000 1.0781 8952 -9.0000 0.00 .82 5.8 32.9 734 
15 0.0000 4.0000 4.0902 1.0284 -9.0000 0.00 65 4.5 255 745 
J41 0.0000 4.0000 4.0537 .8228 -9.0000 0.00 65 12.0 68.4 .739 
ay? 0.0000 4.0000 4.0677 9313 -9.0000 0.00 62 8.7 49.3 .739 
J3 0.0000 4.0000 A4A5S .9831 -9.0000 0.00 44 55 31-2 .834 
J4 0.0000 4.0000 4.1154 4.0607 -9.0000 0.00 .38 4.3 24.4 813 





Solar Savings Fractions (SSF) are for Denver, Colorado; LCR = 20 Btu/ft? °F day, Tpase = 65 °F (in metric, LCR = Wh/m?°C 
day, Tbase = 18.3 °C). This information is provided primarily to provide a check point so that users can verify that the 
correlation constants are entered and used correctly. 
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Appendix C: Solar Load Ratio Correlation Constants and SSFs (cont.) 








WATER WALL 
NE EE ——————— ee 
Metric 
A B Le D R G H LCRs LCRs SSF 
Af 0.0000 4.0000 9172 4844 -9.0000 0.00 447 43.0 TENTS 465 
A2 0.0000 4.0000 .9833 .7603 -9.0000 0.00 92 43.0 mf .609 
A3 0.0000 4.0000 4.0171 .8852 -9.0000 0.00 85 43.0 73.7 .660 
A4 0.0000 4.0000 4.0395 .9570 -9.0000 0.00 81 43.0 Pe .687 
A5 0.0000 4.0000 4.0604 4.0387 -9.0000 0.00 78 13.0 oe, 714 
Aé 0.0000 4.0000 4.0739 4.0827 -9.0000 0.00 76 43.0 13.4 .728 
B41 0.0000 4.0000 9754 5518 -9.0000 0.00 92 22.0 424.8 481 
B2 0.0000 4.0000 4.0487 4.0854 -9.0000 0.00 78 9.2 52.2 OF RI 
B3 0.0000 4.0000 4.0673 4.0087 -9.0000 0.00 95 8.9 50.5 794 
B4 0.0000 4.0000 4.1028 4.1811 -9.0000 0.00 14 5.8 32.9 824 
B5 0.0000 4.0000 1.1146 « Pan AY -9.0000 0.00 56 4.5 25.5 816 
C1 0.0000 4.0000 4.0667 1.0437 -9.0000 0.00 .62 42.0 68.1 815 
C2 0.0000 4.0000 4.0846 4.1482 -9.0000 0.00 59 8.7 49.3 .806 
C3 0.0000 4.0000 4.1419 4.1756 -9.0000 0.00 .28 55 31:2 .885 
C4 0.0000 4.0000 4.1401 4.2378 -9.0000 0.00 23 4.3 24.4 .860 
JOE SS ee eee SS ee 
SUNSPACE 
Metric 

A B C D R G H LCRs LCRs SSF 

Af 0.0000 4.0000 9587 .4770 -9.0000 0.00 83 18.6 405,5 .628 
A2 0.0000 4.0000 9982 .6614 -9.0000 0.00 aH 10.4 59.0 774 
A3 0.0000 4.0000 9552 .4230 -9.0000 0.00 83 23.6 433.9 574 
A4 0.0000 4.0000 9956 .6277 -9.0000 0.00 .80 12.4 70.3 Wey. 
A5 0.0000 4.0000 .9300 4044 -9.0000 0.00 96 18.6 A055 one 
Aé 0.0000 4.0000 9981 .6660 -9.0000 0.00 .86 10.4 59.0 .769 
A7 0.0000 4.0000 9219 paras -9.0000 0.00 96 23.6 10.9 494 
A8& 0.0000 4.0000 9922 .6173 -9.0000 0.00 .90 12.4 Od 743 
B41 0.0000 4.0000 .9683 4954 -9.0000 0.00 84 16.3 92.5 562 
B2 0.0000 4.0000 4.0029 .6802 -9.0000 0.00 74 8.5 48.2 .723 
B3 0.0000 4.0000 .9689 .4685 -9.0000 0.00 82 19.3 109.5 525 
B4 0.0000 4.0000 4.0029 6641 -9.0000 0.00 76 9.7 55.0) .706 
B5 0.0000 4.0000 .9408 .3866 -9.0000 0.00 97 16.3 92.5 485 
Bé 0.0000 4.0000 4.0068 .6778 -9.0000 0.00 84 8.5 48.2 PLA2 
B7 0.0000 4.0000 9395 50s -9.0000 0.00 95 19.3 109.5 .430 
B8 0.0000 4.0000 4.0047 .6469 -9.0000 0.00 87 9.7 55:0 .687 
C1 0.0000 4.0000 4.0087 .7683 -9.0000 0.00 76 16.3 92.5 593 
C2 0.0000 4.0000 1.0412 9281 -9.0000 0.00 78 10.0 56:7 ay i Re: 
C3 0.0000 4.0000 .9699 5106 -9.0000 0.00 79 46:3 92.5 478 
C4 0.0000 4.0000 4.0152 ped -9.0000 0.00 81 40.0 56.7 .646 
D1 0.0000 4.0000 .9889 .6643 -9.0000 0.00 84 17.8 401.0 727 
D2 0.0000 4.0000 1.0493 RoW hors) -9.0000 0.00 .70 9.9 56.2 853 
D3 0.0000 4.0000 9570 5285 -9.0000 0.00 .90 17.8 101.0 .660 
D4 0.0000 4.0000 1.0356 8142 -9.0000 0.00 7a 9.9 56.2 835 
E4 0.0000 4.0000 .9968 .7004 -9.0000 0.00 aL A 19.6 4441.2 .659 
E2 0.0000 4.0000 4.0468 .9054 -9.0000 0.00 76 10.8 61.3 797 
E3 0.0000 4.0000 9565 4827 -9.0000 0.00 81 19.6 YB fe Fer 556 
E4 0.0000 4.0000 4.0214 7694 -9.0000 0.00 79 10.8 61.3 oy ist) 


nnn EEE 


Solar Savings Fractions (SSF) are for Denver, Colorado: LCR = 20 Btu/ft? °F day, Tpase = 65 °F (in metric, LCR = Wh/m? °C 
day, Tpase = 18.3 °C). This information is provided primarily to provide a check point so that users can verify that the 
correlation constants are entered and used correctly. 
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Appendix D: Solar Absorptance Factors for the Reference Designs 





Ratio of absorbed/transmitted 


Direct gain system with mass-area-to-glazing-area ratio = 3, 0.948 
mass-area-to-glazing-area ratio = 6, 0.976 


Trombe wall and water wall systems with — single glazing, 0.957 
double glazing, 0.962 
triple glazing, 0.964 





Trombe wall and water wall ratios are based on surface absorptance = 0.95 


Appendix E: General Solar Radiation Correlations 


Coefficients for Transmitted/Incident Equations of Form: 
T/I == By = BoY — BY" a5 Kr(Ba Fe Bs Y th BeY’) 
Where Y = (LAT - DEC)/100 





4 Glazing 

TILT AZIM B, Be Bs Bg Bs Be 

0 0 0.7646 0.2637 -0.4133 0.0640 -0.1718 -0.0349 
30 0 0.7766 0.1372 -0.1614 0.0442 -0.1075 0.1715 
30 30 0.7766 0.1334 -0.1689 0.0473 -0.0989 0.1389 
30 60 0.7731 0.1413 -0.2101 0.0577 -0.1078 0.1027 
30 90 0.7729 0.1342 -0.2378 0.0525 -0.0396 -0.0952 
60 0 0.7735 0.0970 -0.0568 -0.0354 0.2104 -0.1189 
60 30 0.7761 0.0713 -0.0414 -0.0032 0.1268 -0.0821 
60 60 0.7754 0.0620 -0.0796 0.0343 0.0210 -0.0124 
60 90 OF 722 0.0742 -0.1474 0.0394 0.0218 -0.0850 
90 0 See Subsequent Table 
90 30 See Subsequent Table 
90 60 0.7728 0.0154 -0.0251 -0.0136 0.1710 -0.1321 
90 90 0.7728 0.0087 -0.0350 0.0117 0.1094 -0.2094 

2 Glazings 

TILT AZIM Bi Bo Bs Bu Bs Be 

0 0 0.6331 0.3094 -0.4862 0.0759 -0.2092 -0.0221 
30 0 0.6471 0.1596 -0.1862 0.0524 -0.1214 0.1884 
30 30 0.6476 C1537 -0.1945 0.0551 -0.1094 0.1525 
30 60 0.6434 0.1643 -0.2449 0.0678 -0.1264 0.1220 
30 90 0.6432 0.1565 -0.2766 0.0624 -0.0531 -0.0966 
60 0 0.6429 0.1186 -0.0727 -0.0375 0.2257 -0.1159 
60 30 0.6467 0.0844 -0.0496 -0.0026 0.1454 -0.0947 
60 60 0.6456 0.0763 -0.0971 0.0404 0.0263 -0.0153 
60 90 0.6450 0.0672 -0.1409 0.0436 0.0516 -0.1418 
90 0 See Subsequent Table 
90 30 See Subsequent Table 
90 60 0.6436 0.0174 -0.0275 -0.0148 0.1946 -0.1459 
90 90 0.6431 0.0115 -0.0392 0.0156 0.1215 -0.2342 


Continued on next page 
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Appendix E: General Solar Radiation Correlations (cont.) 





3 Glazings 
TILT AZIM B, Be Bs Ba Bs Be 
0 0 0.5397 0.3355 -0.5234 0.0766 -0.2504 0.0516 

30 0 0.5594 0.1422 -0.1649 0.0454 -0.0998 0.1580 
30 30 0.5600 0.1357 -0.1718 0.0482 -0.0876 0.4230 
30 60 0.5553 0.1503 -0.2254 0.0617 -0.1137 0.1081 
30 90 0.5520 0.1665 -0.2900 0.0610 -0.0796 -0.0454 
60 0 0.5542 0.1125 -0.0709 -0.0366 0.2092 -0.1014 
60 30 0.5582 0.0776 -0.0455 -0.0038 0.1365 -0.0882 
60 60 0.5571 0.0699 -0.0903 0.0356 0.0319 -0.0234 
60 90 0.5568 0.0590 -0.1280 0.0389 0.0547 -0.1440 
90 0 See Subsequent Table 

90 — 30 See Subsequent Table 

90 60 05553 0.0134 -0.0238 -0.0155 0.1853 -0.1405 
90 90 0.5549 0.0084 -0.0344 0.0126 0.1205 -0.2304 


Coefficients for Transmitted/Incident Equations of Form: 
T/I=Bi + BoY + BsY? + BsY°® + BsY* + BeY° + Kr(B7 + BsY + BoY? + Bw Y°® + Bu Y* + BwY?) 
Where Y = (LAT - DEC)/100 





4 Glazing 
TILT AZIM Bi Bz B3 By Bs Be 
By Bs Bo Bio Bu Bi 
90 0 0.7899 0.5388 -5.868 19.912 -26.876 2477 
0.0098 -3.5791 24.622 -63.976 74.729 -32.865 
90 30 0.8130 0.0561 -3.154 13.473 -20.389 10.529 
-0.1433 -0.3334 8.718 -30.567 41.434 -19.727 
2 Glazings 
TILT AZIM B; Bo Bs By Bs Be 
By Bg pom ae Bio Bu Bie 
90 0 0.6465 0.7766 -7.157 22 -29.310 13.294 
0.0523 -4.2457 26.952 -65.486 71.106 -28.793 
90 30 0.6863 Daszo -4.078 16.838 -25.266 43.027 
-0.1539 -0.5816 1447324 -38.883 D2 007 -25.112 
3 Glazings 
TILT AZIM By Bo B3 By Bs 36 
By Bs Bo Bio By Bie 
90 0 0.5497 0.8103 -6.904 21.070 -26.118 Ge ASS 
0.0730 -4.2675 2o.034 -58.122 57.904 -20.849 
90 30 0.5967 0.1515 -4.225 sy pee 6 9 -26.076 UWS Hoy 
-0.1504 -0.7208 12.499 -42.924 58.527 -28.285 
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Appendix E: General Solar Radiation Correlations (cont.) 


Coefficients for Incident/Horizontal Equations of Form: 
1/Qn = B: + BoY + BsY? + Kx(Bs + BsY + BeY’) 
Where Y = (LAT - DEC)/100 





TILT AZIM Bi Bo Bs Ba Bs Be 
30 0 0.9786 -0.1895 0.4573 -0.0918 0.1596 2.5034 
30 30 0.9935 -0.2581 0.4834 -0.1134 0.3354 1.9329 
30 60 0.9937 -0.2691 0.3902 -0.1155 0.4634 0.8290 
30 90 0.9959 -0.3156 0.3208 -0.1217 0.5485 -0.4429 
60 0 0.8682 -0.4587 0.9788 -0.2817 0.4051 4.0989 
60 30 0.8850 -0.5729 1.0557 -0.2689 0.6560 3.0255 
60 60 0.8749 -0.5617 0.8552 -0.2151 0.9028 1.0646 
60 90 0.8710 -0.5943 0.7018 -0.1966 1.0178 -0.7940 
90 0 0.6866 -0.6623 1.3269 -0.4458 0.3090 4.7776 
90 30 0.7183 -0.8937 1.5666 -0.3680 0.6415 3.2484 
90 60 0.7203 -0.9037 1.3357 -0.2920 1.2595 0.5969 
90 90 0.6749 -0.6054 0.7595 -0.1959 1.0720 -0.7838 





Appendix F: Solar Radiation Correlation Coefficients for the Reference Designs 


transmitted/horizontal 
TRANS/QH = B: + Bz: Y + Bs: Y? + Kr(Bs + Bs - Y + Be - Y”) 





TYPE Bi Be B3 Ba Bs Be 
WW, TW, DG - 1 GL 0.5136 -0.4020 0.9059 -0.3306 -0.3787 5.1344 
WW, TW, DG - 2 GL 0.4146 -0.2847 0.7160 -0.2817 -0.4251 4.5913 
WW, TW, DG - 3 GL 0.3484 -0.1610 0.4980 -0.2049 -0.6715 4.4288 
absorbed/horizontal 


S/QH = B, + Be: Y+ Bs: Y*? + Kr(Ba + Bs - Y + Be -Y”) 





TYPE Bi + UIBs B3 Ba Bs Be 
SS Ad 2250 0.72008 -0.15181 0.49973 -0.15039 0.14384 3.6374 
SS - A3, 4, 7, 8 0.81554 -0.23988 0.60252 -0.16445 0.33730 3.1695 
SS - B41, 2, 5, 6 0.58932 -0.09693 0.38955 -0.14699 -0.39149 3.9174 
SS - B3, 4, 7, 8 0.62569 -0.13941 0.43331 -0.14982 -0.26401 3.5685 
SS=C19 2434 0.39436 -0.21103 0.58815 -0.24083 -0.60746 4.6546 
SS D145 24374 O73147 -0.15418 0.50763 -0.15276 0.14608 3.6950 
S6 Pee oe 0.61661 -0.10127 0.40733 -0.15367 -0.40940 4.0969 
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Figure 4: Test buildings at the Farallones Institute in California eventually became shelters for guests. 
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ABSTRACT 


This report reviews the use of test 
boxes, rooms and buildings for passive 
solar research in the United States and 
Canada. In addition to presenting a thor- 
ough survey, this report provides an in- 


troductory guide to experimental meth- 
ods in passive solar heating for research- 
ers who have limited familiarity with 
test-module design. The experimental 
uses and physical characteristics of test 
modules are discussed and existing facil- 
ities are described. 


INTRODUCTION 


Physical test modules have been useful for re- 
search in passive solar heating of buildings. These 
test modules range in size and sophistication from 
small insulated test boxes to rooms and full-scale 
multi-room buildings. The principal advantages of 
test modules are that their cost is low (compared to 





full-scale testing of occupied buildings) and that 
data can be taken under carefully controlled con- 
ditions. 

Harold Hay used small-scale insulated test boxes 
in early experiments to prove the concept of his 
“Skytherm” system. Using a foam box filled with 
water, Hay removed the lid to receive sunlight dur- 
ing the day and replaced the lid at night to reduce 
heat loss. The measured increase in water tempera- 
ture demonstrated the heating potential of the sys- 
tem. By covering the box during the day and un- 
covering at night, the cooling potential was sim- 
ilarly demonstrated.’ 

Since 1975 the Solar Energy Group at Los Alamos 
National Laboratory (L.A.N.L.) has used small boxes 
for comparative testing and to validate computer 
simulations. These studies have led to field-testable 
thermal models of multi-zone buildings.” 3 

Test rooms, typically full scale in height, permit 
the observation of vertical convection effects that 
approximate those of actual buildings. This advan- 
tage, coupled with easier interior access and di- 
mensional similarity to actual buildings, accounts 
for the extensive use of test rooms in passive solar 
research. Well insulated, of wood frame construc- 
tion, approximately 9 ft. high by 5 ft. wide by 8 ft. 
deep (2.7 by 1.5 by 2.4 m.), with south vertical glaz- 
ing and minimum permanent internal mass, such 


The author worked on this survey while he was a guest scientist at Los Alamos National Laboratory. The work was performed under 
the auspices of the Office of Solar Heat Technologies of the U.S. Department of Energy and supported by Miami University. 
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Figure 2: The Los Alamos test boxes are designed as thermal models, and do not duplicate conventional building 
techniques. Their construction and placement allow air to circulate freely to all exterior surfaces. 


rooms have been used extensively for passive heat- Test modules can be used to accomplish a variety 
ing research at Los Alamos,‘ the National Center of experimental objectives. Small, simple modules 
for Appropriate Technology (N.C.A.T.),5 Univer- can be used for proof-of-concept demonstration 
sity of Nebraska,® and the Solar Energy Research and operational testing (i.e., “Does this work?”). 
Institute (S.E.R.1.).7 Comparative testing of components or systems in- 

Test buildings (as the term is used in this study) volve matched test modules (i.e., “Which works 
are similar in size and construction to actual build- best?’’). Single test modules can be used to empir- 
ings, but are designed and constructed for test ically measure heat transfer values for entire sys- 
purposes only and not intended for occupancy. tems (i.e., “Why does this perform as it does?”). 
Such buildings offer the opportunity for multi- Test modules can be used for computer model val- 
zone testing as well as direct analogy to actual idation (i.e., “How well can a computer simulate 
building performance. Installations include those the measured conditions of a test module, given 
at Trinity University,’ the Solar Energy Analysis similar weather data as input?”’). Finally, test mod- 
Laboratory? and the Environmental Research Lab- ules can be used as direct physical analogs of actual 
oratory at Tucson, Arizona.'® Monitored buildings buildings (i.e., “How will an actual building per- 
that were designed for concurrent occupancy are form in terms of comfort and auxiliary energy 
beyond the scope of this study. usage?”’). 


PUL EUV U DUD UV WOULD DULY UV UU VU VU Duy DUD OVW UY YUL UYU DU OU UU OU Le 


| Lid 


=| 
GC 


17111110111) ee eee ee SS Oe OS eS ea 


Test Room Instrument Room 


44 ft. 





Figure 3: These reconfigurable test rooms at M.I.T. were designed to keep heat transfer between rooms to a mini- 
mum. North wall insulation is variable to permit adjustment of thermal load. 
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TEST MODULE TYPES AND EXAMPLES 
Boxes 


Test boxes are used primarily for comparative 
testing where convective flow is not a parameter. 
Because the principal concern is thermal similarity 
between competing boxes, the boxes are typically 
constructed of foam insulation with removable 
glazing. The ratio of heat loss to collector area 
should be similar to that of a passive building. The 
result is a thick-walled box with little similarity in 
appearance to a scale building model. 

Grimmer? has described the use of cubic test 
boxes, 24 in. (60 cm.) on a side, at Los Alamos for 
direct comparison with each other as well as for 
normalized, indirect comparison with test rooms. 
(See Fig. 2). 

Grimmer? has examined theoretically and with 
computer modeling the use of small test boxes to 
represent multi-room passive solar designs. His 
discussion includes realistically massive walls, 
thermocirculation, infiltration effects, edge-effect 
corrections, and microclimate shading effects in 
terms of how each responds to dimensional analy- 
sis and scaling. 


Morris" has described the use of four natural air 
convection test boxes (two tilted, two vertical) 
with integral water thermal storage. Approximately 
24 in. wide by 36 in. deep by 72 in. high (60 by 90 by 
180 cm.), these boxes were used to compare di- 
rectly the performance of four convective systems. 


Rooms 


Test rooms usually have the following physical 

characteristics: 

full-scale height, reduced-scale width and depth 

® permanent construction deliberately of low mass 

@ ratio of heat loss to collection area similar to that 
of actual passive buildings 

@ reconfigurable solar aperture size, tilt and glaz- 
zing 

e reconfigurable thermal mass 

®@ continuously monitored or constant infiltration 
rate. 


One of the earliest examples of the use of test 
rooms for passive solar research was the Massachu- 
setts Institute of Technology (M.I.T.) facility de- 
scribed by Dietz and Czapek’? and _ Hollings- 
worth.13 Constructed in 1947 in Cambridge, Massa- 
chusetts, the single structure housed six reconfig- 
urable test rooms, a direct gain low mass room fora 
control, and an instrument room. The rooms were 
vertically glazed, measured 6 ft. by 14 ft. (7.8 by 4.2 
m.) and featured a reconfigurable north wall to 
permit adjustment of heat loss, along with auxiliary 
heat, movable insulation, and a variety of reconfig- 
urable water storage walls. (See Fig. 3.) 

In 1967, a test room was constructed by Harold 
Hay and John Yellott to investigate roof pond cool- 
ing and heating. The 10-by-12 ft. (3 by 3.6 m.) struc- 
ture was constructed in Phoenix, Arizona, and 
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heavily instrumented for monitoring during 1967- 
1968.' (See Fig. 4.) 

At Los Alamos National Laboratory, a total of 14 
test rooms are being used primarily for validation 
of the PAssive SOLar Energy (PASOLE) simulation 
code developed at L.A.N.L. by McFarland. They are 
also used for comparison testing and heat transfer 
measurements. "4 Each of seven test structures con- 
tains two south-facing, single-zone rooms sepa- 
rated by an insulated partition. In addition to fiber- 
glass insulation in the wood-frame construction, 
each interior is completely lined with 1 in. (2.5 cm.) 
of extruded polystyrene foam insulation to mini- 
mize the effect of the mass of the test cell itself. The 
thermal load can be varied by changing the rate of 
fan-forced infiltration that is controlled by a 
damper and measured periodically using an 
ASTM-type calibrated nozzle. The accuracy of this 
measurement has been validated using SF® tracer- 
gas tests. Because the interiors are maintained 
under positive pressure, the effects of temperature 
difference and wind speed on the infiltration rate 
are small. (See Fig. 5.) 

When required, auxiliary heat is added using in- 
candescent light bulbs. These are controlled by the 
Same computer used to monitor and record data. 
Auxiliary power is monitored by a relay-controlled 
on/off status sensor connected to the computer. 
It is calculated from a one-time measurement of 
electrical consumption of typical bulbs. 

A pair of rooms (virtually identical to those at 
Los Alamos) has been constructed and operated at 
both the National Center for Appropriate Tech- 
nology (N.C.A.T.), Butte, Montana,° and at the Uni- 
versity of Pennsylvania, Philadelphia, Pennsyl- 
vania.5 In addition, two retrofit, two attached 
greenhouse and two detached greenhouse test 
rooms have been constructed at N.C.A.T. 

An extensive test-module program is being con- 
ducted at S.E.R.I.7 The program includes two test 
boxes, 10 test rooms, and one proposed test build- 
ing. The test boxes are cubes measuring 3 ft. 4 in. 
(1 m.) with 4-in.- (10-cm.-) thick expanded poly- 
sytrene foam sides. One side is glazed and one side 
is a black-coated, copper radiation plate with re- 


Photo: m Yellott 
Figure 4: The roof pond test room of Hay and Yellott in 
Phoenix, Arizona, used insulation that could be moved 
manually. Data were also manually collected and re- 
duced. 
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CONSTRUCTION: 


Removable roof: Ceiling: 
90 Ib. rolled roofing 2 x 4 joists 16 in. on center 
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Walls: 
% in. plywood (painted % in. plywood 

white) 2 x 6 joists 16 in. on center 
2x 4studs 16 in. on center | 7 in. fiberglass insulation 
3.5 in. fiberglass insulation Y% in. plywood 
4 in. extruded polystyrene 4x 4 sleepers 

foam 
forced infiltration fan with 

deflector 


Photo: LA.N.L. 


Figure 5: The impact of data derived from the Los Alamos test rooms makes them among the most influential of pas- 
sive solar facilities. Each of the seven test structures is divided into two single-zone rooms. 


movable insulation (allowing the use of radiative 
cooling for varying thermal load). The boxes are 
used for preliminary experiments before employ- 
ing the test rooms. 

The ten S.E.R.I. rooms are configured in pairs 
(similar to the earlier Los Alamos rooms) for a total 
of five structures. The units are 10 ft. by 12 ft. (3 by 
3.6m.) and completely reconfigurable (suitable for 
two zones) as well as portable. Fixed mass and infil- 
tration are minimized and auxiliary heat is available 
in the form of monitored, portable, electric resis- 
tance heaters. They are principally used for com- 
parison testing and computer code validation. (See 
Fig. 6.) 
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The proposed test building is designed like a 
conventional, frame construction house, to be in- 
stalled at the site. The unoccupied structure will be 
reconfigurable and tested as five systems (control, 
waterwall, waterwall/greenhouse, low mass/ 
greenhouse, air convection). The building will be 
used for thermal equilibrium co-heating experi- 
ments as well as for code validation. The S.E.R.1. 
data acquisition system is very extensive (currently 
1700 channels with expansion capability to 3000), 
including 80 heat flux transducers. 

Chen® has described the six passive solar test 
rooms constructed at the University of Nebraska. 
(See Fig. 7). The modules are used to directly com- 
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Figure 6: The Solar Energy Research Institute’s test rooms at Golden, Colorado, are built with reconfigurable interior 
partitions to permit two-zone experiments. 
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Figure 7: Rooms at the University of Nebraska can be used to test passive cooling as well as heating. The six modules 
and their instrumentation were constructed by undergraduate students, with emphasis on the economical acquisi- 
tion of reliable test data. 
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Photo and drawing source: Habitat Center 


Figure 8: The four test rooms of Habitat Center in Walnut Creek, California, are contained in two buildings devoted 
entirely to testing retrofit sunspaces. Their construction is typical of northern California housing. 


pare direct gain, Trombe wall, waterwall, double 
envelope, earth sheltered, greenhouse, and direct 
gain/ceiling systems. They are also used to validate 
the Princeton Circuit Analysis Program (P.C.A.P.) 
developed at Princeton Univerity."® This sophisti- 
cated and rigorous U. of N. research program is 
being accomplished almost completely by under- 
graduate students under faculty direction. The test 
rooms were constructed by building construction 
students; the instrumentation and data acquisition 
system were designed, constructed and installed 
by electrical engineering and physics students; 
signage and demonstration graphics were exe- 
cuted by graphic design students; and materials 
were donated by local sources. The program is 
considered exemplary not only as an integrated, 
test room research program, but also as a successful 
example of the fulfillment of diverse undergrad- 
uate educational objectives through a research 
effort. 

Four test rooms were constructed by the Habi- 
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tat Center, Walnut Creek, California, to compare 
indirectly the performance of retrofit green- 
houses. The units were configured to include a 
“dwelling” room with an attached greenhouse. 
Each of the two buildings measured 26 ft. wide by 
22 ft. deep by 9 ft. high (7.8 by 6.6 by 2.7 m.) and 
contained two adjacent test units separated by an 
insulated wall. One unit served as the control, 
while the common walls (between the greenhouse 
and dwelling) were varied in the other three during 
the various test periods. No auxiliary heat was used 
during the tests.’” (See Fig. 8.) 

Morris'® has described a pair of natural convec- 
tion collector test modules constructed at Los 
Alamos. The unit is reconfigurable, capable of 
varying collector height, collector tilt, air-flow 
channel depth, glazing type, absorber type, heat 
transfer to simulated storage, air-flow resistance, 
pressure drop through storage, and operating 
temperature of the collector system. (See Fig. 9.) 

Eleven passive greenhouse test modules (four 


Thermal Break 
Zo awh iegz 












Nae 


R 


ges) 


LY 
\ 


Drawing source: Ames Laboratory 
Figure 10: Ames Laboratory at lowa State University uses rooms to test its own passive designs, such as the water wall 


it has patented. The rooms are earth-sheltered and insulated by work spaces on three sides, providing for control of 
the test environment. 
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Addresses for Test Module Facilities 
in the United States and Canada 


A. Harold Hay, Skytherm Processes & Engineering, 
2424 Wilshire Blvd., Los Angeles, California 90057 
(J. Yellott, Phoenix, Arizona) 


B. Environmental Research Laboratory, Tucson Inter- 
national Airport, Tucson, Arizona 85706 (J. Peck) 


C. Pacific Gas & Electric, Department of Engineering 
Research, San Ramon, California 94583 (H. Seil- 
stad) 


D. Farallones Institute, Sonoma County, California (P. 
Calthorpe, 55c Gate 5 Rd., Sausalito, California 
94965) 


E. Solar Energy Analysis Laboratory, San Diego 
County, California (J. Clinton, 4325 Donald, San 
Diego, California 92117) 


F. Habitat Center, 2293 Olympic Blvd., Walnut Creek, 
California 94595 (M. Martin) 


G. Solar Energy Research Laboratory, 15/3, 1617 Cole 
Blvd., Golden, Colorado 80401 (K. Harr) 


H. Massachusetts Institute of Technology, Depart- 
ment of Building Engineering Construction, Cam- 
bridge, Massachusetts (F. Hollingsworth) 


National Center for Appropriate Technology, R/D 
Branch, P.O. Box 3838, Butte, Montana 59704 (L. 
Palmiter) 


J. University of Nebraska, Department of Electronics 
and Engineering Technology, 60th & Dodge, 
Omaha, Nebraska 86182 (B. Chen) 


K. Florida Solar Energy Center, 300 State Road 401, 
Cape Canaveral, Florida 32920 (P. Fairey) 


oo 


. Los Alamos National Laboratory, P.O. Box 1663, 
M/S 574, Los Alamos, New Mexico 87545 


L-4. LA.N.L. (D. Balcomb, rooms) 
L-2. LA.N.L. (D. Grimmer, boxes) 
L-3. LA.N.L. (S. Morris, convective collector) 


M. Solar Room Company, Taos, New Mexico 87541 
(S. Kenin) 


N. Wessling Consulting, Albuquerque, New Mexico 
(F. Wessling, Tennesee Valley Authority, Solar Appli- 
cations, Chattanooga, Tennessee) 


O. Scott Morris, P.O. Box 4815, Santa Fe, New Mexico 
87501 


P. Ghost Ranch, Abiquiu, New Mexico (B. Rogers, 
Embudo, New Mexico 87531) 


Q. Purdue University, College of Architecture, W. Lafay- 
ette, Indiana 47907. 


R. Ames Laboratory, lowa State University, Ames, lowa 
50011 (R. Mercer) 


S. Waterwall Engineering, New Paris, Ohio (F. Moore, 
418 Beachpoint, Oxford, Ohio 45056) 


T. Pennsylvania State University, Department of Agri- 
cultural Engineering, State College, Pennsylvania 
(J. White) 


U. University of Pennsylvania, Department of Architec- 
ture, Philadelphia, Pennsylvania (D. Prowler) 


V. Tennessee Valley Authority, Solar Applications Di- 
vision, 340 Credit Union Building, Chattanooga, 
Tennessee (D. Kuberg) 


W. Trinity University, Department of Engineering 
Science, 715 Stadium Drive, San Antonio, Texas 
78284 (G. Clark) 


X. University of Alberta, Department of Mechanical 
Engineering, Edmonton, Alberta, Canada (R. 
Gilpin) 


Y. Lakehead University, Department of Physics, Thun- 
der Bay, Ontario, Canada (R. Jones) 


IU IE NR OR SEE Se hE ET SO SS ES RR OMT dS A eee OOS Fade Ta 
Table 2: Addresses for test module facilities include the reporting author or contact person at the time of this report. 
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Remarks 


roof pond 


coding experiments 


occupied during testing 


two zone; scheduled to close Jan. ’84. 


test boxes approx. 4 ft./side 
variable north wall insulation 
plus 2 retrofit, 2 detached greenhouses 


infiltration monitored continuously; 
removable walls; cooling experiments 


convective collector experiments 
product development 
retrofitted to residence 
convective collector experiments 
adobe construction 


1830 ft? floor area 


product development 


plus detached greenhouses 


roof pond; cooling experiments 


4 passive solar; 5 conservation 
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Test Module Facilities in the 


Skytherm Processes & Engineering 
Environmental Research Laboratory 
Pacific Gas & Electric 


Farallones Institution 


SA 4 1 @ Sel Hat 


Solar Energy Analysis Laboratory 


™ 


Habitat Center 
G. Solar Energy Research Institute 
H Massachusetts Institute of Technology 


A National Center for Appropriate Technology 





a} University of Nebraska 


K. Florida Solar Energy Center 81 i i 24 40 40 V S V 
L-4. Los Alamos National Laboratory Ths 14 2 10 eS 8 19 19 ‘19 
L-2. Los Alamos National Laboratory Ye 8 4 2 2 2 Se oesee 
L-3. Los Alamos National Laboratory 80 2 2 20% F407 4 4053.4: A0:- 94 
M. Solar Room Company 40 40 
N Wessling Consulting V V 
O. Scott Morris 18 

P. Ghost Ranch 20 ed 
Q Purdue University i ? 
R Ames Laboratory 20°58 724 
S Waterwall Engineering 20 20 
T. Pennsylvania State University G 2 
U University of Pennsylvania £92549 
Vv Tennessee Valley Authority AP O20 
W. _ Trinity University > V 
X University of Alberta f 40 
"4 Lakehead University 20s oe 





Y =yes G = gravel P = pond S = slab V = varies ? = information unavailable 


Table 4: Formal test module facilities in the United States and Canada have existed since the 1940s. See Table 2 for addresses 
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Drawing source: Scott Morris 


Figure 9: The two convective heating test modules at Los Alamos are designed for maximum flexibility of configura- 
tions. The instrumentation is in a movable trailer, while the convective test chamber projects downward from a plat- 
form at one end. The graphs show air and collector plate temperatures at various heights within the chamber during 
a sample test. The efficiency correlation for this test was within one percentage point of the efficiency correlation de- 
rived from a computer simulation analysis. 
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attached to buildings, seven isolated for crop 
growing only) have been constructed at the De- 
partment of Agricultural Engineering of Pennsyl- 
vania State University, University Park, Pennsyl- 
vania. Each encloses 1400 ft2 (730 m2) of floor area 
and is reconfigurable in mass and glazing. 

Three passive solar rooms measuring 12 ft. by 
12 ft. by 8 ft. (3.6 by 3.6 by 2.4m.) were constructed 
at the Passive Technologies Test Facility, Ames 
Laboratory, lowa State University. The three rooms 
are thermally isolated and housed in a single insu- 
lated, earth-sheltered envelope.'9 (See Fig. 10.) 

Four attached greenhouse test rooms were con- 
structed in Taos, New Mexico, by the Solar Room 
Company”? for the direct comparison of various 
storage media in double-wall inflated green- 
houses. The four rooms formed one structure, 
with the adjacent rooms isolated with an R-40 wall. 

Four rooms, 5 ft. by 8 ft. (7.5 by 2.4m.) and two 
rooms, 12 ft. by 8 ft. (3.6 by 2.4 m.), are being used 
by the Solar Applications Division of the Tennessee 
Valley Authority in Chattanooga, Tennessee. The 
smaller rooms are separate, whereas the modules 
measuring 12 ft. (3.6 m.) wide can accommodate a 
north/south partition.! 


Buildings 


One of the earliest examples of passive solar test 
buildings was the installation of two test houses at 
Purdue University, as described by Hutchinson.22- 
31 Constructed in Lafayette, Indiana, in 1945, one 
house was used as a control and the other for com- 
parative direct gain experiments. 

Test buildings currently range from small, re- 
configurable, two-zone structures (only slightly 
larger than test rooms) to full-size, uninhabited 
residences. Because most were designed to meet 
specific research objectives, they share only a few 


common characteristics. In addition to being un- 
occupied, most have at least limited reconfigur- 
ability of aperture, mass and zones. 

Eight two-zone test buildings have been con- 
structed in San Diego as part of a passive solar re- 
search program at the Solar Energy Analysis Lab- 
oratory.? The buildings were constructed by two 
local utilities; monitoring, analysis and simulation 
studies were supported by the utilities and the U.S. 
Department of Energy. The buildings measure 16 ft. 
by 16 ft. (4.8 by 4.8 m.) and are permanent struc- 
tures in order to reflect standard construction 
practices (at some expense to ease of reconfigur- 
ability). These structures are among the few avail- 
able for full-scale analysis of the effects of controls 
(fans, remote storage) on the performance of 
multi-zone passive structures. The data are being 
used by the Solar Energy Analysis Laboratory and 
by Sebald32» 33 and University of California, San 
Diego (U.C.S.D.) graduate engineering students 
for code validation and simplified design tool de- 
velopment. (See Figs. 11a and 11b.) 

Two identical reconfigurable test buildings have 
been constructed at Trinity University, San An- 
tonio, Texas. Doderer, et al.® have described the 
facilities, which are primarily intended for code 
validation and heat transfer coefficient measure- 
ment in passive cooling systems. Each building can 
be configured into the following systems: 1.) roof 
pond with movable insulation, 2.) trickle roof, 
3.) low mass roof, and 4.) plenum roof. (See Fig. 
pe 

Four test buildings have been constructed at the 
Environmental Research Laboratory, Tucson, Ari- 
zona. The structures are primarily intended to al- 
low study of various cooling strategies in hot, arid 
climates; however, some passive heating study is 
included. The size, mass, configuration and ther- 
mal load is different for each structure." (See Fig. 
13.) 





Figure 44a: Test buildings of the Solar Energy Analysis Laboratory in San Diego reflect local construction practices. 
Each building contains a north and south room and tests both heating and cooling. 
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Drawing source: SEA-LAB 


Figure 14b: The SEA-LAB buildings’ construction is uninsulated concrete slab on grade, 2x4 stud frame walls and 
truss-framed roof with a ‘% in. drywall ceiling. Each building has a double entrance door with a 3 ft. by 3 ft. airlock 
chamber to minimize air replacement. Regular windows are single glazed; solar glazing is double. 
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cooling, especially roof radiation. 
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Drawing source: Environmental Research Laboratory 


Figure 13: One of several test buildings at the Environmental Research Laboratory in Tucson, Arizona, contains five 
different zones, including several with cooling approaches. The ceiling ofthe screened porch is insulated to permit its 
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Photo: Trinity University 
Figure 42: The two test buildings at Trinity University in Texas provide comparative facilities for research on passive 
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The Florida Solar Energy Center in Cape Cana- 
veral has constructed a building module for cool- 
ing experiments. The structure is unique in that all 
(including exterior) walls are reconfigurable. One 
configuration involved the investigation of thermal 
stack spaces 24 ft. (7.2 m.) high. The concrete-slab 
floor is supported by hollow concrete masonry 
blocks on aseeond slab allowing reconfigurable air 
distribution and thermal storage.34 (See Fig. 14.) 

A set of six test buildings was constructed at the 
University of Alberta, Edmonton, Alberta, Canada 
to compare the thermal performance of standard 
construction to that of four alternatives (conserva- 
tion, passive solar, active air solar, active liquid 
solar). A sixth building was used for short-term 
testing. The building measured 22 ft. by 24 ft. (6.6 
by 7.2 m.) and used frame construction, roof 
trusses, single-zone above grade and basement.?5 

Four, two-room, single-zone adobe test build- 
ings were constructed at Ghost Ranch, Abiquiu, 
New Mexico. One is a standard construction con- 
trol unit; the other three test sunspace, direct gain 
and Trombe wall construction. Designed by Peter 
van Dresser and built using unskilled labor, these 
buildings measured 17 ft. by 40 ft. (5.7 by 12m.) and 
were not reconfigurable. They were extensively 
monitored by Los Alamos until they were occupied 
as guest units at the ranch.3¢ (See Fig. 15.) 

A set of five frame-construction test buildings 
are located at the Farallones Institute, northern 
California. Calthorpe?” has described the design 
and performance of these occupied test structures; 
experimental objectives included direct compari- 
son and demonstration. (See Fig. 1.) 

Four test rooms measuring 9 ft. high by 10 ft. wide 
by 10 ft. deep (2.7 by 3 by 3 m.) are being used by 
the Pacific Gas and Electric Company (Department 
of Engineering Research) at their San Ramon, Cal- 
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Photo and drawing source: F.S.E.S. 


Figure 14: The Florida Solar Energy Center's test build- 
ing at Cage Canaveral evaluates convective cool- 
ing by means of a reconfigurable space. 





Photo: LA.N.L. 


Figure 15: The adobe test buildings of the Ghost Ranch at Abiquiu, New Mexico, were monitored priorto occupancy 
and continue to provide data while functioning as guest quarters. 
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Photo: P.G. and E. 
Figure 16: The Pacific Gas and Electric Company test 
rooms in San Ramon, California, provide measure- 
ments of weather, interior temperatures and, most im- 
portantly, rooftop radiation. This passive solar test facil- 
ity is a demonstration project forthe utility and part of its 
energy research. 


ifornia Passive Solar Test Facility. (See Fig. 16.) 

Table 1 lists the test-module facilities in the 
United States and Canada. See Table 2 for ad- 
dresses. 


USES OF TEST MODULES 
IN PASSIVE SOLAR RESEARCH 


Proof-of-Concept Experiments 


e 
Such experiments are often used by innovators 
in order to determine whether further, more rig- 
orous testing is justified. The objective here is to 
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isolate the principle under investigation and min- 
imize unrelated variables. In the interest of expedi- 
ency and economy, there is a temptation to pro- 
ceed with the experiment before adequate theo- 
retical analysis. Care must be exercised to prevent 
unrelated variables from overpowering the prin- 
ciple to be demonstrated. Reconsider, for exam- 
ple, the early heating experiment by Hay using 
the water-filled foam box. It is easy to imagine a 
set of conditions (low sun angle, rapid air move- 
ment, low humidity) that actually would have re- 
sulted in a cooling effect rather than the heating 
anticipated. 

Conversely, early (even premature) physical 
experimentation can be conducive to enhancing 
the intuitive process. Many innovators gain most 
of their insights while working with such physical 
models, while others favor sketching or theoretical 
calculations. 

Another important use of proof-of-concept ex- 
periments is for educational purposes. As a college 
professor, the author has found single-purpose 
test modules to be particularly valuable for dem- 
onstrating passive solar principles to students. Sev- 
eral such demonstrations are described by Benton 
and Akridge.38 


Comparative Experiments 


Comparative experiments may be direct (where 
two or more systems are compared in one experi- 
ment under identical conditions) or indirect 
(where two or more systems are compared in sep- 
arate experiments using a control system). In the 
latter, some method of normalization is required 
to provide a basis of comparison between the com- 
peting experimental systems. 

In direct comparison experiments, the objective 
is to compare the performance of two competing 
components or systems through simultaneous test- 
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Figure 17: An early experiment at Los Alamos used adjacent test rooms to directly compare water tube and ma- 


sonry wall thermal storage systems. 
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ing. The experiment should isolate the differ- 
ence(s) of the two systems, minimizing the un- 
related variables so performance differences will 
be a result of the differing system characteristics 
under study. The more generalized the desired 
result, the more important is the isolation of differ- 
ences. 

For example, an early experiment??? at Los 
Alamos directly compared a masonry thermal stor- 
age wall system and a water tube thermal storage 
system in adjacent test rooms. Several comparative 
experiments were run while changing such param- 
eters as the vents in the masonry wall and blocking 
the space between the storage tubes. This gave a 
direct comparison of overall system performance 
for the particular configurations tested. (See Fig. 17.) 

Note, however, that it is not possible to draw 
general conclusions from this experiment about 
masonry vs. water as a thermal storage medium. In 
this experiment, readily available standard com- 
ponents were used (i.e., fiberglass water tubes 12 
in. by 8 ft. (30 by 240 cm.) and solid masonry 16 in. 
(40 cm.) thick). The resulting thermal storage ca- 
pacities were similar—35 Btu/°F ft? water vs. 32.5 
masonry (715 kJ/°C m2 vs. 664). However, this 


thermal storage limitation resulted in spacing the 
water tubes 2.4 in. (6 cm.) apart and leaving a 24 in. 
(60 cm.) gap above the tubes. Foam insulation was 
inserted into the spaces between and above the 
water tubes (in order to reduce the convective air 
transfer between the glazing and room interior). 
This prevented any direct solar gain between the 
tubes at mid-day, and partially blocked sun from 
the sides of the tubes in the morning and after- 
noon. 

If the experimental objective had been to com- 
pare thermal storage media, the following charac- 
teristics (unrelated to medium type) should have 
been identical: exposed mass area and shape, vent- 
ing, thermal storage capacity and interior mass area 
and shape. This would have implied a very non- 
standard configuration of at least one of the sys- 
tems (i.e., round concrete cylinders or flat water- 
wall). 

An example of indirect comparative testing is the 
experiments at Los Alamos reported by Hyde.* In 
this series, the performance of various experi- 
mental thermal storage wall systems (varying stor- 
age medium, glazing, surface selectivity and night 
insulation) was compared with that of a control sys- 
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Sample Performance Summaries, Indirect Comparison Test Room Experiments, 
Normalized on the Basis of Qsolar/Qsolar, control. (Qsolar, control = Qs.) 


Cell wall, black collection Qsolar Qoaux Load Ambient Temp. Insolation 

surface, glazing, insulation Btu/Day Btu/Day Btu/Day A Btu/ft?/Day SSF Qsola/Qe 
4 Trombe, flat, SG 41400 49700 30900 32.4 4630 0.38 0.63 
2 Trombe, chrome, SG 49100 43100 31800 0.59 4.05 
5 water, chrome, SG 25500 40400 34900 0.68 4.40 
6 water, flat, SG 45200 20400 34800 0.36 0.83 
7 Trombe, flat, DG, NI 22100 40500 324100 0.67 4231 
8 Trombe, flat, SG 46900 45400 31800 0.52 4.00 
4 Trombe, flat, SG, NI 43700 44600 28400 37.6 4214 0.49 0.91 
2 Trombe, chrome, SG 45100 42800 27900 0.55 4.01 
5 water, chrome, SG 47800 42500 30300 0.56 4.19 
6 water, flat, SG, NI 22800 9900 32700 0.65 A52 
7 Trombe, flat, DG, NI 48200 41200 29400 0.61 4.34 
8 Trombe, flat, DG 43900 43600 27600 0.52 4.00 
4 Trombe, flat, DG 41400 47200 28600 37.4 4430 0.40 0.92 
2 Trombe, chrome, DG 414700 434100 27800 0.54 A19 
5 water, chrome, DG 419900 40100 30000 0.65 4.61 
6 water, flat, DG 44400 45900 30300 0.44 4.16 
7 Trombe, flat, DG, NI MALFUNCTION IN BEAD SYSTEM 

8 Trombe, Flat, DG 44500 16200 27700 0.43 4.00 
4 Trombe, flat, DG 22400 416400 38800 23.0 1950 0.57 4.00 
2 Trombe, chrome, DG 28500 10400 38900 0.72 Ay 
5 water, chrome, DG 40000 3500 43500 0.91 1.78 
6 water, flat, DG 37400 5600 44100 0.82 4.67 
7 Trombe, flat, DG, NI 29900 40000 39800 0.74 4.44 
8 Trombe, flat, DG 20800 48000 38800 0.53 4.00 


SG — single glazed, DG — double glazed, NI — night insulation, SSF — solar savings fraction. 


Table 3: Example of test room use in comparative experiments at Los Alamos National Laboratory. > 
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tem (double glazed, flat black, unvented Trombe 
wall, no night insulation). The basis for comparing 
the systems was Qsolar (net thermal energy deliv- 
ered through the south wall). This was calculated 
from the energy balance: Qsola +aux. heat =load. 
Auxiliary heat was measured directly and the load 
was Calculated from the measured room heat loss 
coefficient, the measured average room tempera- 
ture and the measured ambient temperature. 
The control Trombe wall system (Room No. 8) 
was operated for the duration of all test periods, 
while the various experimental systems were tested 
during shorter periods (see Table 3). Note that all 
experimental systems were not directly compared 
with each other (due to the limited number of 
rooms available). Instead, the various experimental 


Asoiar/Q, 
1.0 


Trombe 
chrome 
SG 


water 
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SG: single glazed, DG: double glazed, NI: night insulation 


Graph: Johanna Bertoldo 
Figure 18: Comparative test room performance (vary- 
ing cell wall type, black collection surface, glazing and 
insulation) as measured by Qsolar/Qsolar, control.4° 
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systems were normalized against the,control, i.e., 
the ratio of a test room’s net energy to the control 
room’s net energy ( Qsolar /Qs) was used as a direct 
basis of performance comparison. (See Fig. 18.) 


In order for such indirect comparisons to be 
valid, the ratio (Qsolar /Qs for a given system must 
remain constant over changing weather condi- 
tions. Hyde validated the normalization parameter 
by operating each of the experimental systems in 
at least two periods. A comparison of Qsolar /Qs 
(Table 3) for a given experimental system in two 
different test periods provides a measure of the 
validity of this normalization method for each of 
the various systems. 


Test-module indirect comparison experiments 
are frequently used by commercial manufacturers 
as a method of comparing the performance of 
competing systems while using a minimum num- 
ber of test modules. Usually, only two modules 
are employed; however, using three makes it pos- 
sible to monitor continuously the validity of the 
normalization measure (Qexper. /Qcontrol in the 
Hyde experiments). It should be noted that an ac- 
curate normalization procedure (in either direct or 
indirect comparisons) raises the level of results 
from “Which is better?” to ““How much better?”. 


The instrumentation typically required for com- 
parative experiments is shown in Fig. 19. 


Theoretical Model Validation Experiments 


Traditionally, steady-state calculation methods” 
have been used for determining heat loss in build- 
ings. Although acceptable for buildings of low 
thermal mass, they are not capable of accounting 
for the lag effect associated with massive construc- 
tion under changing thermal conditions. Thermal 
network models have become widely accepted as 
an accurate technique for simulating the dynamic 
performance of massive buildings.42-5° This tech- 
nique breaks down continuous parameters (time, 
temperature, solar radiation, mass, thermal resis- 
tance) into many small increments that are solvable 
by numerical calculation. These increments can be 
conceptually illustrated by analogy as an electrical 
network. 

In a thermal network diagram of a passive solar 
building, a series of nodes are used to represent 
selected points and various elements in a building 
such as windows or wall assemblies. If there is any 
thermal transfer (convection, radiation, conduc- 
tion) between these building elements, a resis- 
tance symbol e+ is used to represent the con- 
nection between nodes. The thermal transfer rate 
between the elements (U-value x Area, or equiva- 
lent) is represented by this resistance symbol. All 
of the mass (capacitance) of the building element 
is assumed to be concentrated at the node. Heat 
can be added to the system at any node (e.g., sun 
on the surface of a Trombe wall), or the tempera- 
ture of any node can be assigned (e.g., outside air 
temperature). 
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Figure 19: Instrumentation typically required for com- 
parison experiments measures the total radiation on 
the vertical, globe temperature, and shielded air tem- 
perature as well as monitoring and recording auxiliary 
heat and an infiltration fan. 


The initial temperature of each node must be 
specified (see Fig. 20). A series of calculations are 
performed to determine the temperature at each 
node after an increment of time. Based on new 
known temperature inputs (i.e., outside air) and 
heat inputs (i.e., solar radiation, auxiliary heat), and 
the new calculated temperatures, the procedure is 
repeated for the next time increment. The effect of 
the initial assumed temperature diminishes with 
each repetition and eventually vanishes. Increas- 
ing the number of nodes and decreasing the time 
increment increases the accuracy of the simula- 
tion at the expense of increasing calculation time. 

At Los Alamos, PASOLE, a generalized FORTRAN 
program, was developed by McFarland to run 
hour-by-hour thermal network simulations of pas- 
sive solar buildings using weather data input.‘ 
Others have developed similar codes.44, 47-5° This 
allows the thermal performance of a building to be 
predicted in any climate for which hourly weather 
data are available. From correlations derived from 
these simulations, a simplified procedure was de- 
veloped by Balcomb at Los Alamos for predicting 
the monthly requirements for auxiliary heat in var- 
ious types of passive buildings in over 200 cities in 
the U.S. and Canada.*" 

Before a computer model can be accepted as an 
accurate simulation of the thermal behavior of a 
building, it must be validated against the actual 
performance of a monitored structure. Typically, 
the actual building performance data are directly 
compared with the simulation results obtained us- 
ing the recorded test period weather data. Statisti- 
cal techniques are employed to measure the accur- 
acy of the comparison. Such comparisons provide 
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a basis for refining the model. Although the basic 
calculational procedure used by the model is sim- 
ple, the determination of some of the system pa- 
rameters may not be. Some parameters (such as 
the effective mass of an interior room) may be 
difficult to calculate; some are non-linear and vary 
with time (i.e., night insulation) or heat transfer 
rates (convection in a Trombe wall). Test module 
operating data and one-time measurements are 
used to determine these coefficients. 

Test modules typically provide the best basis for 
this validation process for several reasons: 

@ They are easily reconfigurable. 

@ They facilitate sensor placement. 

@ The effects of unrelated variables can be mini- 
mized or easily measured. 

@ They are unoccupied. 

@ They can be used with or without auxiliary heat. 

Although test boxes and test buildings have been 
used for code validation, full height, small test 
rooms are the most widely used; in fact, in many 
research programs, code validation is the primary 
purpose of these rooms. 

Because of the detailed scrutiny that code vali- 
dation data will ultimately receive, the most rigor- 
ous experimental procedures are typically em- 
ployed. Sensor placement has a direct correspon- 
dence to simulation node selection. Not only must 
sensor location be planned to maximize its value 
for future reference, but placement must be pre- 
cise and accurately recorded. In addition, the ex- 
perimenter must ensure that each sensor does not 
significantly perturb the experiment. For example, 
conduction along the stem of a thermocouple can 
alter the local temperature. 

Code validation requires that the experimental 
objective be extended beyond “How well does it 
perform?” to ask “Why does it perform as it does?”. 
This requires many temperature sensors to validate 
simulation node conditions, as well as alarge num- 
ber of one-time measurements to accurately deter- 
mine the heat transfer coefficients for the simula- 
tion. (Coefficients obtained from literature values 
are sometimes not considered sufficiently accurate 
for code validation purposes.) (See Fig. 21.) 


WATER WALL 


CONCRETE 


Drawing: L.A.N.L. 
Figure 20: Thermal network diagrams show thermal 
transfer between elements in water wall and Trombe 
wall test rooms. 
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Component Performance 


Test modules can be used to obtain data on com- 
ponent performance under realistic operating 
conditions. This might include evaluating the ef- 
fectiveness of a night insulation system or measur- 
ing the effective heat loss coefficient of a selective 
surface. 


Building Performance Experiments 


When test modules are to be used as a direct 
analog of an occupied building, typically the pri- 
mary measures of performance are human thermal 
comfort and auxiliary heating performance over an 
extended period. The objective of direct simula- 
tion of thermally complex, occupied buildings re- 
quires that the size and zonal configuration of the 
test module exceed the capabilities of a test room 
and approach the characteristics of an actual build- 
ing. Because of these difficulties, it may be prefer- 
able to monitor an occupied building. This is the 
focus of the S.E.R.I. Class B Passive Solar Buildings 
Monitoring Program.>? However, the monitoring 
of occupied buildings presents a number of 
measurement and control problems that make it 
difficult to draw general conclusions from specific 
experiments. These include: 
® variation in infiltration rate (due to operation of 
doors and windows, and exhaust fan operation) 
® variation in net contribution of auxiliary heat 
from heat pumps, wood stoves, fireplaces, oil 
or gas furnaces, etc. 

® unmeasurable miscellaneous heat gain from in- 
ternal sources (water heaters, cooking, bathing, 
laundry, lighting, occupant body heat, etc.) 
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Figure 24: A schematic section through a Trombe wall 
test room shows typical instrumentation required for 
computer code validation. 
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@ inaccessibility of the building for measurement 
and observation 
e@ configuration permanence. 

The experimental alternative to monitored oc- 
cupied buildings is unoccupied, full-scale test 
buildings. In such a facility, the above-named var- 
iables can be controlled and measured. 


SPECIAL CONSIDERATIONS 
Auxiliary Heating 


A fundamental option in passive test modules is 
the use of auxiliary heating. Most proof-of-con- 
cept experiments (i.e., “Does it work?”’) are “free 
running” (no auxiliary heat). The choice is less 
clear for comparison and code validation experi- 
ments; studies concerning heat transfer coeffi- 
cients and building performance usually employ 
auxiliary heat. “Free running” experiments may al- 
low easier isolation of a particular thermal behavior 
in a component; however, this type of investiga- 
tion may distort the overall behavior of a passive 
system because of lower operating temperatures. 
For example, in a Los Alamos experiment on the 
effect of reverse thermosiphoning in vented 
Trombe walls, it was found that the use of a check- 
valve (to prevent reverse thermosiphoning) made 
little difference in thermal performance if the sys- 
tem was “free running,’ but significantly increased 
performance if auxiliary heat was used. 

Perhaps the biggest advantage of auxiliary heat- 
ing is that it provides a direct measure (without 
any simulation) of the primary performance indi- 
cator of passive building (i.e., amount of auxiliary 
heat required). The principal advantages of free 
running systems include the use of internal temp- 
erature as a performance indicator—laymen are 
usually able to interpret temperatures on a ther- 
mometer more easily than quantities of heat (Btu 
or kilowatt/hours). The second advantage is the 
simplicity of free running systems. Control of aux- 
iliary heat isa problem, because standard wall ther- 
mostats are often inaccurate; Los Alamos has found 
control by the data acquisition system to be more 
reliable when using room air-temperature sensors 
as the control input.% Electric resistance heat is 
preferred because of its ease of measurement. Los 
Alamos uses standard incandescent light bulbs%4 
while S.E.R.I. uses portable resistance heaters with 
a destratification fan.%5 


Test-Module Calibration 


If test modules are to be used only for direct 
comparison experiments, it is sufficient to ensure 
that the various parameters (heat loss, aperture, 
size, tilt, glazing, etc.) are identical. This can be 
done by identically configuring the modules, and 
monitoring interior temperatures after an initial 
stabilization period. 

However, if test modules are to be used for code 
validation purposes, the value of all parameters 
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affecting performance must be known by direct 

measurement, and this purpose requires a precise 

calculation procedure. 

Typically, the following one-time measurements 
are made: 

@ absorber surface characteristics (emissivity and 
absorptivity) 

e glazing characteristics (transmissivity, absorptiv- 
ity, reflectivity, area, tilt, orientation) 

@ thermal storage characteristics (surface area, 
mass, specific heat) 

@ heat loss coefficient (including infiltration) of 
entire test cell, excluding solar wall (solar wall is 
covered with heavily insulated panel and auxil- 
iary heat consumption is monitored) 

@ infiltration rate. 

Heat loss in buildings caused by infiltration is 
dependent on the following factors: the difference 
between the inside and outside temperatures, the 
specific heat and density of the air, and the infiltra- 
tion rate. The infiltration rate is not constant, vary- 
ing with wind speed, direction and temperature 
difference (stack effect). Because of the expense 
and complexity of continuously monitoring the in- 
filtration rate in test rooms, at Los Alamos the rate 
is fixed by using a fan to pressurize the room slight- 
ly, overpowering the natural variables of wind 
speed and temperature difference. The fan is posi- 
tioned on the outside of the room, supplying air 
through a duct. 


SUMMARY 


This representative selection of test modules 
identifies prototypical and influential experiments. 

Additional experimental practices will be de- 
scribed in subsequent issues of Passive Solar 
Journal. 
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age floor. Movable window insulation reduces heat loss; louver shades prevent excessive heat gain. 


Non-Instrumented Performance Evaluation 


of Passive Solar Homes in the United States 
Selected Results from a Class C Survey of more than 300 Homes 





By BETH SACHS, BLAIR HAMILTON, KATHERINE CLOUGH and RON ALWARD 
The Memphremagog Group, P.O. Box 456, Newport, Vermont 05855 


Vol. 1, No. 2 


ABSTRACT 


Class C is one of three levels of passive 
solar performance evaluation which have 
been carried out as part of a systematic 
national effort sponsored by the U.S. De- 
partment of Energy. The Class C ap- 
proach attempts to determine as much as 


possible about the performance of pas- 
sive solar buildings without instrumenta- 
tion. This article reports selected results 
regarding the system characteristics and 
performance of more than 300 passive 
solar homes throughout the United 
States. All results are based on Class C 
data from new or retrofitted houses oc- 
cupied for one full year. 





INTRODUCTION 


How well do passive solar homes work? A num- 
ber of buildings around the country have been in- 
strumented and monitored individually to begin 
answering that question; however, for the most 
part these evaluations have not followed a single 
comprehensive and systematic plan and, even if 
they had, providing such evaluation for all types of 
passive systems in all the diverse climates of the 
United States would be prohibitively expensive. 
Furthermore, even instrumented evaluation can 
not fully address the more qualitative aspects of 
performance which are perceived by the occu- 
pants, such as heat distribution and overall thermal 
comfort. 


The D.O.E. Plan 


In response to these circumstances, in late 1979 
the U.S. Department of Energy (D.O.E.) commis- 
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sioned a comprehensive program with standard- 
ized evaluation methods at three levels of preci- 
sion. Class A, the highest level of instrumentation 
and accuracy, provides data to validate computer 
models and to answer the question of why a par- 
ticular system works, and how its separate design 
elements contribute to the performance of the 
whole. Class B, a more moderate level of instru- 
mentation, determines how well a particular sys- 
tem works—what energy savings can be attributed 
to the passive features in a specific time frame. 
Class C, the non-instrumented level, attempts to 
learn as much as possible at the least possible cost 
about the performance of a large number of pas- 
sive solar buildings. 

Surveying the large number of sites made pos- 
sible by the relative simplicity and low cost of the 
Class C level provides a statistically important data 
base. A large data base is the only practical basis 
from which to draw conclusions about such fac- 
tors as the relative performance of several systems 
under different climate or use conditions, or about 
the average performance of passive solar buildings 
in general. Non-instrumented data are useful in 
the aggregate, even though the individual building 
information may not be as precise or as scientifi- 
cally accurate as that supplied by evaluations 
using instruments. 

Class C data also has a wide variety of other uses. 
Indoor temperatures perceived by the occupants, 
identified problems and comments by occupants 
can be used to assess the relative comfort and dis- 
comfort levels being achieved, in passive solar 
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Figure 2: In Vermillion, South Dakota, the survey included a retrofit greenhouse, located off of the kitchen and dining 


homes. Cost and energy consumption data can 
provide feedback on the degree to which passive 
solar cost and performance goals are being met. 
The frequency and seriousness of problems en- 
countered in existing passive solar homes provides 
critical identification of areas where further re- 
search and development may be necessary. Com- 
parisons of auxiliary energy consumption with 
non-solar homes can be made to estimate the im- 
pact of passive solar residential construction on 
national energy consumption. 

Accordingly, D.O.E. funded each of the four 
Regional Solar Energy Centers (R.S.E.C.s) to collect 
and analyze data in their respective areas and the 
Solar Energy Research Institute (S.E.R.1.) in Golden, 
Colorado, to analyze the data nationally. S.E.R.I., 
in turn, subcontracted management and technical 
analysis work to the Memphremagog Group, a 
nonprofit research, technical assistance and con- 
sulting organization specializing in programs lead- 
ing to community self-reliance. 


METHODS 


Site Selection 


The selection of sites was subject to various 
needs associated with different end uses of the 
data. All of the sites had to meet two minimum 
criteria: 


@ that the system had been fully operational and 
the home occupied for at least one full year, and 





areas. The house is also heated by direct gain through additional south-facing windows. 
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@ that a full year of complete energy consumption 
records be obtainable. 


In addition, each of the R.S.E.C.s had its own 
priorities for site selection related to its programs 
in technical assistance, public information and 
other aspects of commercialization of passive 
solar technology. 


Data Collection 


Both the observations of trained auditors and 
the perceptions of occupants were used to collect 
the data. Two questionnaires were used to gather 
this information. The questionnaire that was filled 
out by the occupants gathered information on: 


@ why a passive solar home or retrofit was chosen; 


®@ what information sources were used and how 
useful they were; 


®@ perceived incremental cost of passive solar; 


e kinds of problems encountered and their ser- 
iousness; 


@ perceived passive system performance; 
®@ overall satisfaction level; 
@ demographics. 


The second questionnaire, completed by auditors 
who visited each site, was designed to provide an 
objective thermal description of the house and 
covered the following areas: 


@ the environment in which the house is situated, 
including site, solar access, wind exposure and 
local weather data; 


® a thermal description of the building in enough 
detail to calculate overall heat loss and gain; 


@ information on internal heat gains such as ap- 
pliances, furnaces, water heaters, lighting and 
occupants; 


e a detailed description, including sketches, of all 
of the passive solar heating and cooling systems; 


@ information on how auxiliary energy is used, in- 
cluding details on equipment and its operation; 


@ information on auxiliary energy sources and use 
(fuel or utility bills supplied by the occupant or 
utility) for at least one year. 


Auditors with technical backgrounds and famil- 
iarity with passive solar systems were hired by each 
of the regional centers and trained by The Mem- 
phremagog Group in a coordinated program to 
reduce inconsistencies in data gathering. Both the 
training sessions and the audit form were designed 
to minimize auditor-specific influence on the data. 
The auditors visited each site to administer the 
occupant questionnaire and gather the technical 
data specified on their forms. Three hours of an 
auditor’s time were required to complete a typical 
audit. 
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Analysis of Audit Data 


The data from the occupant questionnaires were 
tabulated and analyzed regionally by the R.S.E.C.s 
and Market Facts, Inc., a market research firm 
based in Chicago, Illinois. The national analysis of 
the occupant responses was completed by S.E.R.1. 
Preliminary results of both regional and national 
analyses were presented in two papers published 
last year.’ 2 

This paper provides selected results from Mem- 
phremagog’s analysis of the data collected by audi- 
tors. A national report covering all results from 
the Class C evaluation program is expected to be 
published by S.E.R.1.3 


RESULTS 


General Description of the Sample 


All of the sites audited as part of the Class C pro- 
gram are residential buildings. (See Fig. 1 for an ex- 
ample.) Of the total of 321* sites, 24 sites (7%) are 
retrofits. (See Fig. 2.) Ninety-seven percent of the 
homes were described as single-family detached 
and 76% were custom-built. The type of construc- 
tion was primarily—76%—wood frame. The mean 
heated floor area was 2136 ft? (198.4 m2). 

Ninety-seven of the sites were located in the 
Northeast, 86 sites in the South, 72 in Mid-America 
and 66 in the West. 

Eighty-eight percent of the audited homes were 
built and occupied within the time period 1977 to 
1980. The remaining 12% were built between 1900 
and 1976—primarily after 1974. 


Indoor Temperature 


Unlike conventionally-heated houses, many of 
the sites did not have thermostats and therefore 
the indoor temperature figures reported on the 
audit form were based on the occupants’ percep- 
tion of the temperature. In some cases, occupants’ 
estimations were aided by measurements they had 
made with a thermometer. While occupant per- 
ceptions can be quite different from actual indoor 
temperatures, this information is still useful, as it 
provides the occupants’ evaluation of one aspect 
of thermal comfort. 

Average temperatures reported are time- and 
space-weighted. The average indoor temperature 
for all sites was 65.5 °F (18.6 °C), average daytime 
temperature 68.1 °F (20.1 °C) and average night- 
time temperature 63.1°F (17.3°C). These data are 
summarized in Fig.3,and invite closer scrutiny and 
comparison with similar data for non-solar homes. 
Seventy-seven percent of the sites maintain an 
average daytime temperature of between 64 °F 
(17.8 °C) and 72 °F*(22.2 °C). Those with cooler 
houses often had some explanation such as the 


*The sample number varies between data items because 
all audits were not able to complete all questions. 
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Temperature 
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Figure 3: The passive solar homes included in the Class C evaluation tended to have average temperatures per- 
ceived by oc@upants to be between 61° and 72°F (15° and 22°C) for daytime, nighttime and 24-hour daily periods. 
More than 25% of the sites had day-night differences of less than 3°F (1.7°C). 
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house being unoccupied during the day or for 
some of the winter months. In spite of the enor- 
mous climatic differences between sites, there was 
no difference between mean indoor temperatures 
among regions. 

One of the limitations to comfort in a passive 
solar house can be the swings in temperature ex- 
perienced on sunny days in the spring and fall. 
These differences can be buffered by insulation 
and auxiliary heating and cooling. The data for day- 
time minus nighttime temperature are shown in 
Fig. 3. Seventeen percent of the sites recorded no 
difference between day and nighttime tempera- 
tures. Thirty-nine percent of the sites had a 5°-9°F 
(2.8°-5°C) difference and 19% a difference of 10°F 
(5.6°C) or more. 


Aperture to Floor Area Ratio 


Figure 4 shows the data on the ratio of total area 
of solar aperture to total floor area of living space, 
where living space is defined as all areas of the 
house which always remain within 10°F of the tem- 
perature in the primary living area. 

The mean ratio for all sites is 0.14. The regional 
ratios are close to the national mean except for the 
western region, where it is considerably higher— 
0717. 

The ratios are quite low and many sites did not 
meet the study’s selection criterion of 0.10 ratio. In 
most cases, this is because the estimates of floor 
area made by the occupants during site recruit- 
ment excluded the heated basements, which were 
included in the figures reported by the auditor. 
The apparently low ratios also reflect the fact that 
most of the audited homes fall into the low-aper- 
ture/low-mass/well-insulated category of solar 
homes rather than high-aperture/high-mass cate- 


gory. 
Solar Heating System Types 


The direct gain wall was the most common sys- 
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Figure 4: The solar aperture to floor area ratio is gen- 
erally low. Many of the audited survey homes were of 
the type featuring small aperture, low mass and high 
insulation values. 


tem type found in audited homes. The direct gain 
wall classification includes both south-facing win- 
dow systems and sunspace systems when the sun- 
space is part of the living space and not separated 
from the rest of the living space by a storage wall. 
Three-quarters of the homes monitored had this 
type. The data on frequency of primary heating 
system types is presented in Table 1. 

Information was also obtained on the config- 
uration of the primary thermal mass in each home. 
A variety of configurations were found, with the 
most common one being the directly sunlit stor- 
age floor. The configurations found in the audited 


Passive Solar Heating System Types 





System Type No. Sites % Sites 
Direct gain wall, e.g. south-facing windows 240 76 
Storage wall, e.g. Trombe wall 33 10 
Isolated storage wall/floor, e.g. storage insulated from living space 25 8 
Collection wall, e.g. thermosiphoning hot-air collector 10 3 
Direct gain roof, e.g. skylight 2 
Storage roof, e.g. roof pond 4 <1 
Other 4 ay 
Total Sites 318 100 





Table 4: Direct gain walls, the most common system type found in audited homes, included both south-facing win- 
dow systems and sunspace systems not separated from the living space by a storage wall. 
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Primary Mass Configuration 





Configuration No. Sites % Sites 

Mass is directly sunlit floor of living space, e.g. floor slab 75 32 
Mass is directly sunlit wall of living space, e.g. brick wall sunlit through clerestory 39 17 
Mass is located remote from living space, e.g. rock bin 31 13 
Mass is wall of living space sunlit on outside surface, e.g. Trombe wall 29 13 
Mass is in sunspace with controlled air flow to inside living space, 

e.g. greenhouse with vents into house 25 44 
Mass is floor, walls or ceiling of living space which receives only reflected solar 

radiation, e.g. brick chimney which is never directly sunlit 21 9 
Mass is floor, walls or ceiling of living space which does not receive either direct 

or reflected solar radiation, €.g. masonry walls in north rooms 12 5 
Total Sites 232 100 





Table 2: In homes which had thermal mass, the directly sunlit storage floor was the most common. 


homes are presented in Table 2. This table only 
includes the sites where thermal mass was present. 


Cooling 


Table 3 shows the dominant types of passive 
cooling in audited homes. Seventy-eight percent 
of the sites were classified as being primarily 
cooled by direct convection cooling (e.g. windows 
or vents) and 11% had shading of the aperture clas- 
sified as the dominant passive cooling mechanism. 
The distribution of system types in the southern 
region and nationally is similar. 


Auxiliary Heating 


Three hundred and twelve of the sites monitored 
used some form of auxiliary heating and the most 


striking feature to emerge from the data is a strong 
preference for wood as an auxiliary heating fuel. 
Most home owners burn wood in a stove or fire- 
place; a few use wood furnaces. The data on types 
of auxiliary heating equipment are presented in 
Table 4. (See Fig. 5 for example.) 


These figures are most meaningful when 
clumped according to auxiliary energy type. Fig. 6 
shows the auxiliary energy types used in the 
audited passive solar homes on a regional basis. 
The differences from region to region reflect the 
availability of different fuels, e.g. oil in the North- 
east, and gas in Mid-America. The preference for 
wood is most marked in the Northeast and Western 
regions. In the South and in Mid-America, while 
wood is not the predominant source of auxiliary 
heat, presumably because of availability, it is still 


Dorninant Passive Cooling System Types 





No. Sites %Sites No. Sites % Sites 
System Type in South in South Nationally Nationally 

Natural ventilation through the building, e.g. open windows or vents 40 59 180 79 
Shading of solar aperture, e.g. overhangs or-vegetation 16 24 26 11 
Coupling of the building to the ground, e.g. earth-sheltered building 9 43 16 7 
Cooling of the outside of the building by wind- or thermal-driven 

ventilation or evaporation, e.g. evaporative cooling of roof 2 3 3 y 
Radiation to the sky, e.g. storage roof cooled by night-sky radiation 4 4 2 <4 
Cooling of remote storage mass by natural convection, 0 0 4 <A 

e.g. regenerative rock bed 
Total Sites 68 100 228 100 





Table 3: The largest percentage of audited sites featured passive cooling by natural ventilation. The South did not 


differ significantly from the national preferences in passive cooling. 
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Figure 5 (above) and Table 4 (at right): Passive solar 
home owners in the survey most frequently chose fire- 
places or woodstoves as their auxiliary heating equip- 
ment. The stove above in a house in Yarmouth, Maine, 
is typical of airtight construction. 


Types of Auxiliary Heating Equipment 





Type of Equipment No. Sites  % Sites" 
Oil-fired hot air furnace 14 4 
Oil-fired hydronic space heat 3 ¥ 
Oil-fired hydronic space 

& water heat 7 2 
Gas-fired central hot 

air furnace 56 18 
Gas-fired space heater 2 nay 
Gas-fired hydronic 

space heater 9 3 
Electric hot air furnace 10 3 
Electric resistance heating 18 6 
Electric radiant heating 5 2 
Heat pump 43 14 
Wood-fired hot air furnace 7 2 
Wood-fired hydronic space & 

water heat ? <1 
Woodstove or fireplace 132 42 
Woodstove and water heat 

combination 4 4 
Total Sites 312 400 





Auxiliary Heating Energy Sources 
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Figure 6: Preferred sources of auxiliary heating energy varied considerably by region, with wood favored in the West 
and Northeast, gas in Mid-America and electricity in the South. 
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Figure 7: National preferences in sources of heating energy varied considerably between auxiliary heat used in the 
survey’s passive homes and primary heat used in conventional homes. 


used in a significant number of the homes. In the 
South, electricity is the most popular source of 
auxiliary heat; it is gas in Mid-America. 
Nationally, as shown in Fig. 7, wood is the pre- 
dominant auxiliary energy source, being used in 
46% of the audited passive solar homes. Also shown 
in Fig. 7 is information from two different sources 
on the types of heating energy used in all single 


Figure 8 (at right): Total net 
heat loss ranged between 
300 and 600 Btu/hour°F 
(100 and 300 W/°C) in the 
greatest percentage of 
passive solar homes sur- 
veyed. Heat loss results 
were calculated by the 
auditors based on their in- 
spection of the homes and 
the use of a standardized 
technique. This was de- 
veloped from ASHRAE prac- 
tices and the Department 
of Energy Model Audit for 
the Residential Conservation 
Service. 


Percent of Sites 
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family dwellings in 1979. The data reported by The 
National Association of Home Builders Research 
Foundation‘ is from their survey of 3,073 NAHB 
builders. They show the energy source of the pri- 
mary heating systems installed by NAHB builders in 
63,754 single family dwellings completed in 1979. 
The data from the Department of Energy’s Resi- 
dential Energy Consumption Survey show the mix 


Total Net Heat Loss 
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of heating sources for the entire stock of single 


family dwellings existing in 1979. W/m2°C 4 
ee ee ee eee 
Heat Loss Al | bd 
The data on heat loss can be considered to be a Normalized Loss Factor 


measure of the degree of insulation and the tight- 
ness of the house. Two aspects of heat loss are pre- 
sented: a) total net heat loss, expressed in Btu per 
hour per °F (W per °C), (Fig. 8) and b) normalized 
loss factor expressed in terms of net heat loss per 
unit floor area (Fig. 9). Heat loss and infiltration 
were calculated by the auditors based on their in- 
spection of the homes and the use of a standard- 
ized technique. The technique used for these cal- 
culations was developed from standard ASHRAE 
practices and the Department of Energy Model 
Audit for the Residential Conservation Service. 

The mean value of the normalized loss factor for 
all sites is 0.26 Btu/ft2hour °F (1.48 W/m2°C). Draft- 
ier homes, e.g. those with a higher infiltration rate, 
have a mean normalized loss factor of 0.31 Btu/ft? 
hour °F (1.76 W/m2°C), whereas tighter houses 
with lower infiltration rates have a mean normal- 
ized loss factor of 0.23 Btu/ft? hour °F (1.37 
W/m2°C). The net household heat loss in colder 
areas is about the same as in warmer areas. 
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Figure 9 (at right): The normalized loss factor is ex- 
pressed in terms of net heat loss per unit of floor area. : a 
The mean value of the normalized loss factor is 0.26 Btu/ 2 

ft2 hour°F (1.48 W/m?°C). iL alee 
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Figure 10 (at left): 
Annual total pur- 
chased energy for 
244 audited sites 
was gathered from 
occupant records, 
utilities and/or fuel 
suppliers. The data 
are measured en- 
ergy consumption, 
with the exception 
of wood, which 
was estimated by 
the homedwellers 
to the nearest 
quarter of a cord. 
See Table 5 for the 
mean total pur- 
chased energy for 
all audited homes. 
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Total Purchased Energy 


Total purchased energy is defined as the annual 
total of energy supplied to the building for all uses. 
It is expressed in Btu (or Wh) and is the sum of the 
energy contents of all supplied fuels. See Fig. 10 for 
the total purchased energy figures for all of the 
audited sites. This information was gathered from 
occupant records, utilities and/or fuel suppliers. 
The data are measured energy consumption, with 
the exception of wood, which was estimated by the 
homedwellers to the nearest quarter of a cord. 
Sites were eliminated where the occupants could 
not confidently estimate their wood use to the 
nearest quarter of a cord. 

Because total purchased energy is a measure of 
energy supplied, buildings which use mostly elec- 
tricity, for instance, will tend to have lower values 
for total purchased energy than those which use 
substantial amounts of oil, gas or wood, where 
only a fraction of their energy value is delivered to 
the load due to conversion inefficiencies. 

Table 5 shows the mean total purchased energy 
for all audited homes and a regional comparison. 


Building Performance Index 


Building performance index is defined as the 
total purchased energy normalized by dividing it 
by floor area. Because the floor area of these 
audited passive solar homes is larger than average 
homes, this normalization makes the comparison 
of solar and non-solar homes more reasonable, as 
well as providing an index for comparing passive 
solar homes of different sizes. 

Histograms of building performance index for 


Total Purchased Energy 





Metric English 
10°Wh_ Region 10° Btu 
27.8 National 95 
29.3 Northeast 100 
29.3 South 100 
26.7 Mid-America 91 
20.5 West 70 





Table 5: The national and regional mean values for 
total purchased energy are based on the annual total 
of energy supplied to each building for all uses. 


sites in each region are presented in Fig. 11. A histo- 
gram of building performance index for all sites is 
shown in Fig. 11. In Table 6, the building perfor- 
mance index for selected dependencies is pre- 
sented. The mean annual building performance 
index for all sites is 47.3 x 103 Btu/ft2 (149 kWh/m2) 
per year. The highest regional value is 54.0 (170) in 
the Northeast and the lowest is 38.0 (720) in the 
West. 

The relatively large standard deviation for sites 
in the Northeast—28.4 (89.6)—suggests a greater 
variability in the success of passivé solar buildings 
in this region with respect to achieving low levels 
of building energy consumption. The histogram 
of building performance index for this region sup- 
ports this suggestion, showing a cluster of sites with 
very high building performance indices. Inspec- 


Building Performance Index (B.P.I.) for Various Dependencies 





Metric English 
Mean B.P.1I. Standard Mean B.P.I. Standard 
kWh/m? Deviation Dependency No. Sites 40° Btu/ft? Deviation 
149 73.8 All sites 244 47.3 23.4 
170 89.6 Northeast region 86 54.0 28.4 
137 65.6 Mid-America region 56 43.4 20.8 
150 58.7 Southern region 66 47.6 18.6 
120 55.2 Western region 36 38.0 147.5 
451 63.4 Sites with active systems 18 47.9 20.1 
141 71.6 Norm. loss factor 0 - 0.3 176 44.6 PSS 
Btu/ft? hr°F (0 - 1.7 W/m? °C) 
174 74.4 Norm. loss factor 0.3 - 1.0 7 54.3 23.5 
Btu/ft? hr°F (4.7 - 5.7 W/m?°C) 
148 56.1 Restricted solar access 19 46.8 17.8 
474 72.2 Sites with wood heat 146 54.2 22.9 





Table 6: The building performance index is defined as the total purchased energy normalized by dividing it by floor 


area. 
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Figure 14: Building performance indexes are compared by region. (Total sites for each region are 36 in the West, 56 
in Mid-America, 66 in the South and 86 in the Northeast.) The national building performance index is presented at 
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tion of the individual audits for these sites reveals 
that most of them were homes where the auditors 
noticed major flaws in design or construction. In 
most cases, these also appear to be early examples, 
when design principles may not have been well 
understood. 

The average building performance index for 
sites which also have active space heating systems 
does not differ from those with passive systems 
alone. Sites with lower normalized loss factors use 
less energy than those with higher normalized 
loss factors. As might be expected, this indicates 
that the “lossiness’’ of a house is a significant factor 
affecting the performance of the audited passive 
solar homes. 

Sites with restricted solar access use no more en- 
ergy than those with good access, suggesting that 
their designs compensated for this with larger 
apertures or higher levels of conservation. 

Sites using wood as their primary auxiliary heat- 
ing source use a higher amount of energy than 
other sites. The most likely explanation is the lower 
efficiency with which wood is burned. 

It would obviously be very desirable to compare 
the building performance index of passive solar 
and non-solar homes. Unfortunately, the D.O.E. 
Residential Energy Consumption Survey® previous- 
ly referenced does not detail the energy use and 
size of recently-built, single-family dwellings and 
the authors have been unable to find any other 
source for such data. D.O.E. is presently conduct- 
ing a new survey which should include the data 
necessary to develop a value for building perfor- 
mance index for reference non-solar homes, mak- 
ing such a comparison possible in the near future. 
In any case, the results reported here provide a 
useful yardstick against which designers and an- 
alysts can compare the performance of other solar 
and non-solar homes. 


CONCLUSIONS 


An audit technique has been developed and 
demonstrated to be useful in obtaining non-instru- 
mented performance data on passive solar residen- 
tial buildings. This technique was used to establish 
a data base of quantitative and qualitative infor- 


120 


mation on various aspects of passive solar home 
performance. 

Generally, the Class C evaluation program con- 
firms that passive solar homes are achieving high 
levels of thermal comfort. They are using small 
amounts of auxiliary heat, which is reflected in the 
relatively low average building performance in- 
dex. They are also tight and well-insulated homes, 
as indicated by the low average normalized heat 
loss factor. , 

Other significant findings of the survey are that 
direct gain was the most common passive heating 
system type, and that the most common primary 
thermal storage configuration was the directly sun- 
lit storage floor. The dominant passive cooling sys- 
tem, whether in the warmer South of the cooler 
North, was natural ventilation. In addition, passive 
solar home owners revealed a strong preference 
for wood as the primary source of whatever auxil- 
iary heat they required. 
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ABSTRACT 


In this paper, the thermal impedance 
(R values) for multi-pane window systems 
are determined by computer modeling as 
a function of the emissivity of the surface 
of the window panes, the location and 
number of low-emissive surfaces in the 
system and the spacing between window 
panes. Also, the effect of reduced free 
convection and gas conduction between 
window panes is determined. The results 
demonstrate that only a small increase in 
thermal impedance is associated with the 
addition of each pane of ordinary glass. 
On the other hand, a significant increase 
in thermal impedance can be obtained 
with the use of a low-emissive coating 
applied to the surface of the window 
pane. Further improvements can be ob- 
tained by reducing or eliminating free 
convection and gas conduction heat 
transfer between window panes with 
low-emissive surfaces that have a partial 
or total vacuum between panes. 





INTRODUCTION 


Most buildings lose a significant amount of heat 
through windows. In the northern half of the 
United States, 15% to 35% of the total heat loss dur- 
ing winter from a typical house is through the win- 
dows.' Windows. are thermal leaks because of poor 
insulation qualities. Comparison of the thermal im- 
pedance (R value) of a normal double-pane win- 
dow— R=0.4 (W/m2 °C)-1—to the R value of most 
building walls— 1.8 (W/m? °C)-'SRS 3.5 (W/m? 


°C-'—clearly demonstrates this fact. (In English 
units, R=2.0(Btu/h ft2°F)-' for the windows and 
10(Btu/h ft? °F)-'SRS20(Btu/h ft? °F)-' for the 
walls.) The difference in R values is very important 
in conventional building designs, but is critical in 
passive solar building designs where windows 
comprise a significant portion of the building shell. 


Investigators have proposed many methods to 
improve the thermal impedance of windows.!, 2, 3, 
4, 5 Similar methods have been proposed for flat- 
plate collector glazings; a review of this work is 
presented by Duffie and Beckman® and Kreith and 
Kreider.” For windows, the methods vary from add- 
ing window shutters and shades,' to applying se- 
lective radiation coatings to the window panes and 
introducing low-conduction/convection fill gas 
between panes.2, 3, 4 The amount of insulation pro- 
vided (i.e. the largest R value) is an important cri- 
terion in selecting a window system, and one that is 
vital in predicting cost effectiveness. The R values 
of different systems are frequently calculated or 
determined with different boundary conditions 
and different evaluation/testing techniques, how- 
ever; this lack of standardization introduces vari- 
ability in the determined R value for any system, 
and also makes it difficult to compare system per- 
formance. Little information exists that correlates 
the thermal impedance of window systems to dif- 
ferent boundary conditions (e.g., external wind 
speeds). Silverstein? presented data in tabular form 
correlating the window thermal impedance to a 
variety of wind velocities on the external glass 
pane. However, because he used semiempirical 
convective formulae in the calculations, Silverstein 
estimates that the accuracy of the conductance cal- 
culations are approximately 15% of the absolute 
value. 


In the present investigation, an approach is taken 
that accounts for the variability of the boundary 
condition caused by changing external wind con- 
ditions. The present analytical investigation is 
based on atheoretical configuration consisting of a 


tl el all Rl ll I. on Rat 8 FB de Re ee eh ES sD ER BA 
This work was performed while the author was principal scientist in the Building Systems Branch of the Solar Energy Research Insti- 


tute, Golden, Colorado. 


Vol. 1, No. 2 


© Passive Solar Journal 0277-6456/82/0102-0121$3.00/0 124 


hot-plate and cold-plate, with the window system 
placed between the plates. This configuration is 
advantageous for a number of reasons: 


@ |t provides constant and well-defined boundary 
conditions for numerical thermal simulations. 


@ All of the convection couplings are the same and 
are well-defined (empirical relationships for 
free convection within enclosures are used). 


@ Validation of the analysis by experimental in- 
vestigation is simplified. 

@ Maximum and minimum values for the thermal 
impedance provided by any window system due 
to variable wind conditions can be determined. 


Analytical and experimental investigations re- 
sulting in the determination of maximum and min- 
imum values for thermal impedance would benefit 
both designer and researcher. The designer could 
take into consideration minimum values of thermal 
impedance provided by a window system, and the 
researcher could examine practical ways to achieve 
maximum values of thermal impedance in real 
building applications. 

Both Silverstein? and Selkowitz3 consider meth- 


(a) Single Pane 


(conv) (conv) 


(b) Double Pane 


(conv) (conv) (conv) 


(c) Triple Pane 





Figure 41: Single-, double- and triple-pane window sys- 
tems are represented in nodal thermal models. 
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ods to reduce convective heat transfer between 
window panes. For example, both consider using 
a variety of fill gases to reduce pane-to-pane con- 
vective heat transfer. In general, these methods 
can improve the insulation characteristics of multi- 
pane window systems, and as the results of the 
present investigation show, reduced pane-to-pane 
convective heat transfer is most effective when 
thermal radiation exchange between panes is sig- 
nificantly reduced. The effect of the absence of 
free convection and gas conduction heat transfer 
between window panes as a function of radiation 
exchange between window panes was also investi- 
gated to determine the upper theoretical limit of 
thermal impedance that various window systems 
can provide. 


MATERIALS AND METHODS 


The thermal impedance provided by double- 
pane and triple-pane window systems was eval- 
uated as a function of surface emissivities and win- 
dow pane spacing using numerical nodal thermal 
models. The nodal thermal models representing 
single-pane, double-pane and triple-pane win- 
dow systems are presented in Fig. 1. In all systems, 
nodes 1 and 6 are constant temperature boundary 
nodes. Node 1 represents a hot plate with a fixed 
surface emissivity of 0.9, maintained at 26.7 °C 
(80°F). Node 6 represents a cold plate with a fixed 
surface emissivity of 0.9, maintained at 4.4 °C 
(40°F). In the single-pane window (a), the glass 
pane is represented by node 5. Glass panes for all 
window systems considered here are represented 
by asingle node because previous investigations” ® 
have determined that the surface-to-surface tem- 
perature gradient is very small. The resultant im- 
pedance provided by solid conduction through 
the glass pane is much smaller and is insignificant 
compared to the impedance provided by convec- 
tion and radiation exchange between surfaces. 
Nodes 2 and 5 represent the glass panes for the 
double-pane window system (b). Nodes 2, 3 and 5 
represent the glass panes for the triple-pane win- 
dow system (c). In all cases, the glass panes are con- 
sidered to be totally opaque to thermal radiation. 

The Martin Interactive Thermal Analysis System 
(MITAS), a heat transfer computer program, was 
used to obtain a steady-state solution for node 
temperatures and heat flows between nodes.? Sub- 
routines were written and used in the solution to 
calculate gas conduction and free convection as a 
function of the temperature of the surfaces and the 
enclosed gas, and the spacing between surfaces. 
The subroutines used empirical relationships for 
the Nusselt number Nu, as a function of the Ray- 
leigh number Ra and spacing b between the two 
surfaces”: 


Nu: = 0.0605 Ray® 

Nuz = (1 +{ 0.104 Rab””’/[1 + (6310/Rap)* f°)” 
Nus = 0.242 (Ra,/AR)°?” 

Nup = (Nui, Nue, Nus)max (1) 
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The values for kinematic viscosity and thermal con- 
ductivity as functions of temperature were put in 
the program as arrays and were used by the sub- 
routines in the solution technique. 

User input for the MITAS program’s radiation 
conductors is in the form oA;£j\, , where a is the 
Stefan-Boltzmann constant, A; is the surface area, 
and fi is the Hottel script F or gray body radiation 
interchange factor. For this investigation, the hot 
and cold plates were simulated to be parallel to the 
glass surfaces. The spacing between glass panes was 
varied. £ was calculated for two parallel gray planes 
with different values for total surface emissivity €: 


—1 


l-a@ , l=6, Ai 1 
£, = (—— 4+ ——[ —__] + ——__) 
j ( i [ ] F; ) (2) 


F,,is the radiation shape factor, and A, and A, are the 
respective areas of the panes. 

The values for radiation and free convection 
conductors and for heat fluxes were calculated 
using a surface area of 0.836 m2 (9 ft2). The total 
impedance Rt was calculated from Eq. 3: 


T.-Ts) A 
aa a | A 


The surface-to-surface impedance Rs was calcu- 
lated from Eq. 4: 


Rr 


(Teta 
Q 


The test configuration described here (a window 
system between a hot plate and cold plate) will 
produce easily reproducible boundary conditions 
for any window system tested, a major advantage 
for establishing evaluation standards and validating 
analytical results with experimental results. Also, 
because the resulting heat transfer coefficient hon 
both the interior and exterior window surface will 
be smaller than in actual building applications, the 
maximum thermal impedance of the window sys- 
tem can be determined. For example, the value of 
h on the inside window surface in a normal build- 
ing will be between 1.7 and 4.0 W/m2 °C (0.3 and 
0.7 Btu/h ft?°F). In the present test configuration, h 
varied between 1.1 and 2.0 W/m2 °C (0.20 and 0.35 
Btu/h ft2°F). On the outside surface h can vary be- 
tween 2.8 and 34.0 W/m? °C (0.5 and 6.0 Btu/h 
ft2°F). Again in the present test configuration, h 
varied between 1.1 and 2.0 W/m2 °C (0.20 and 0.35 
Btu/h ft?°F). Thus R; presented for this configur- 
ation represents a “‘best” case value, or the maxi- 
mum thermal impedance the window system can 
produce. 


The minimum value of thermal impedance pro- 
vided by the window system can be calculated 
when there is an infinite conductance from the 
inner and outer surfaces (h,) = h., =) to the hot 
plate and cold plate. Another way to calculate the 
minimum impedance is to treat the inner and outer 
surfaces as the hot and cold plates, and use these 
temperatures to calculate AT. Thus the inner sur- 
face to outer surface thermal impedance (or sur- 
face-to-surface thermal impedance Rs) represents 


Rs = (4) 
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Nomenclature and Glossary 


A = surface area. 

= aspect ratio, L/b. 

= spacing between window pane. 
c = specific heat = J/kg K (Btu/lbm F). 
Ec/Er =normalized convection energy exchange. 
En = normalized energy exchange. 
Er/Ec .=radiation-to-convection ratio. 
Er/Er =normalized radiation energy exchange. 
F = radiation shape factor. 

= acceleration of gravity = m/sec’? (ft/hr’). 


= Grashof number = B g b® A T/y” 
(dimensionless). The Grashof number is a 
measure of the relationship of the buoyant 
to viscous forces. 


= heat transfer coefficient. 
=thermal conductivity = W/m K 
(Btu/hr ft °F’). 
= window height. 
Nubp = average Nusselt number based on b. 


= hb/k (dimensionless). The Nusselt number 
is a coefficient of heat transfer. 


iee = Prandtl number = ¢,u/k or y/a 
(dimensionless). The Prandtl number is 
a measure of how rapidly momentum is 
dissipated compared to the rate of diffusion 
of heat through a fluid. 


= heat flow rate. 
= Rayleigh number = Gr»Pr (dimensionless). 
= thermal impedance. 
= temperature. 
= thermal diffusivity = k/pe = m’/sec (ft?/h). 
= temperature coefficient of volume 
expansion = 1/°R (1/K). 
= kinematic viscosity, u/p = m*/sec (ft?/hr). 
= Stefan-Boltzman constant. 
The Stefan-Boltzmann constant is the ratio 
of the emissive power of a black body per 


unit of area and time to the absolute 
temperature of the body. 


= absolute viscosity = N sec/m? (lb/ft sec). 


= newton, the unit of force required to 
accelerate a mass of one kilogram one 
meter per second per second. 


= mass density = kg/m?® (lbm/ft’). 
= total surface emissivity. 


= Hottel script F or gray body radiation 
interchange factor. £ij is the fraction of 
the energy emitted by surface i and 
absorbed by surface j. 


Subscripts: 

i,j; 1, 2,'3;5, 6 surface or node, 9, 1, 2; 3,546. 

S = surface to surface value, calculated 
between nodes 2 and 5. 


it = total value, calculated between nodes 
1 and 6. 
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0.8 
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Figure 2 (above) and 3 (at right):Rrand Rsare shown 
as a function of spacing b for double-pane (above) 
and triple-pane (at right) windows. €2: is the emissivity 
of the inner glass pane surface (node 2) facing the hot 
plate, 25 is the emissivity of the inner glass pane sur- 
face (node 2) facing the outer glass pane (node 5), 
é56 is the emissivity of the outer glass pane surface 
(Node 5) facing the cold plate, €23 and €35 are the sur- 
face emissivities of nodes 2 and 3 facing nodes 3 and 5, 
respectively. 


the minimum thermal impedance expected froma 
window system. 


DISCUSSION 





The total thermal impedance R, and surface-to- 
surface thermal impedance R, are plotted in Figs. 2 
and 3 as a function of the spacing between window 
panes b, for double-pane and triple-pane window 
systems with varying surface emissivities. The re- 
sults demonstrate that when the window surface 
emissivity is large (€i=0.9), Rrand R, are nearly con- 
stant for window spacings larger than 2 cm. For 
smaller spacings —b<2 cm. (<0.8 in.)—Ry and R. 
decrease. When the window surface emissivity is 
small — € = 0.01—the thermal impedance is 
much larger. When window spacings are between 
2cm. and 3 cm. (0.8 in. and 1.2 in.) in both double- 
pane and triple-pane window systems, R, and R, 
reach amaximum value; R,and R. decrease rapidly 
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Rr (W/m? °C)"" 


Triple-Pane Window Ry (Btu/hr ft? °F)" 


€21 — €33.— €38— £66 — £1 


= 0.01 





when window spacings are less than 2 cm. (0.8 in.). 
Figures 4 and 5 plot R; and Rg versus £;, for 
double-pane and triple-pane windows, respec- 
tively. Spacings between glass panes, the hot plate 
or cold plate, and the adjacent pane, were 2.54cm. 
(1.0 in.). Since the radiation shape factor Fi is nearly 
1.0 for this configuration, and the areas of the glass 
panes, hot plate, and cold plate are the same— 
0.836 m2 (9 ft?)— £ (on the horizontal axis) varies 
only with the emissivity of the glass panes accord- 
ing to Eq. 5: 
1 1 ca 
fyb sec ( +a ec (5) 
Figure 4 plots Ry and R, as a function of £;, for a 
double-pane window. R; and R, increase as the 
surface emissivity of the glass panes decreases. Var- 
ious Cases are also shown in Fig. 4. If only the emis- 
sivity of the surface between the glass panes varies 
(£25 = £ij; £12 = £56 = 0.785), maximum values of R;= 
0.9 (W/m? °C)-1 and Rg = 0.53 (W/m? °C)" (or R,=5 
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and R,~3(Btu/h ft?°F)-') are reached when £,, = 
0.01. We can obtain £25 = 0.01 with €25= 0.01 and €s2 = 
0.9, with €25=0.9 and €52=0.01, or with €25=€52=0.02. 
Similarly, maximum values of Ry = 1.4 (W/m2 °C)-1 
and R, = 0.6 (W/m? °C)-1 (or R,;=8 and R,= 
3. 4(Btuy/h ft2°F)-') are reached when £,,=£5=0.01. 
If the hot plate (surface 1) has a constant surface 
emissivity of 0.9, then ea (facing surface 1) must be 
0.01. The largest total impedance for a double- 
pane window, R; = 2.0 (W/m? °C)-! (or R= 
11.4(Btu/h ft2°F)- 1) is obtained when £,,= £,. = £56= 
0.01. 

Figure 5 plots Rrand Re versus £; for a triple-pane 
window. Four different cases are plotted here. 
First, R; and R, are functions of a variable £,3 be- 
tween surfaces 2-and 3 (£53 = £; £19 = £35 = £c¢ = 
0.785). Second, Ry and Rg vary as £33and £3svary (£,, 
= £35 = £5; £2 = £56 = 0.785). Third, Ry and R, vary as 
£4, £3 and £3, vary (£49 = £53 = £4, = £3 £5 = 0.785). 
Finally, Rp and Rg vary as £,,, £,3, £3,and £,, vary (£,, 
= £53 = £35 = £56 = £i)). 

By plotting R; and R, as a function of £;,, many 


2 ene 


Ry (W/m?°C)"' 
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£12 = £25 = £56 = £y 


£12 = £25 = Li; 


£25 = £ij; £12 = £56 = 0.785 


£12 = £25 = £56 = £y 
£12 = £25 = £i; £56 = 0.785 


£25 = £ij; £12 = £56 = 0.785 





Figure 4: Rrand Rs are plotted versus £;; for a double- 
pane window. Subscripts indicate the surface or nodes 
for which £ was calculated. 
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window systems and configurations can be char- 
acterized by just a few curves. Furthermore, these 
plots provide a great deal of flexibility to the user in 
assessing various window systems. The user can 
vary the number, the location and the value of the 
low-emissive surface coatings for double-pane and 
triple-pane window systems, and interpolate from 
Figs. 4 and 5 the maximum and minimum thermal 
impedance provided by the window systems. 

A few simple examples may help to illustrate the 
benefits and flexibility provided by plotting R; and 
R, as a function of £;, Consider a double-pane win- 
dow with two low-emissive coatings applied to the 
inner and outer panes so that they face each other. 
The surface emissivity of these coatings is 0.15 
(€25=€52= 0.15).All other pane surfaces have their nor- 
mal emissive value of about 0.9(€21 =e56= 0.9 ). Tode- 
termine the maximum and minimum thermal im- 
pedance (R, and R,), we simply calculate £,, from 
Eq. 5 and interpolate R,; and R, from the last curve 
labeled £55 = £;; £12= £.6=0: 785 on Fig. 4. Using Eq. 5, 
£,, is calculated to be 0.081, and R,; ~0.8 (W/m? 


Rr (W/m*°C) Ry (Btu/hr ft2°F)~ 
3.0 me 


Triple-Pane Window 


2.8 


2.6 


24 £12 = £23 = £35 = £56 = £i 


22 
£12 = f230> $35 = £4; £565—"0:785 


£23 = £35 = £ij: 
£12 = £56 = 0.785 


Rs (Btu/hr ft?°F) 


£12 = £23 = £35 = £56 = Li 


£12 = £23 = £35 = £ij: £56 = 0.785 


= £ij; £12 = £56 = 0.785 


Oa Olt 0.2 Ory (0:40:55 0 Gadi. (0-68 0.9 a0 
£ij 





Figure 5: Rrand Rsare plotted versus £; for a triple-pane 
window, as in Fig. 4. 
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Three Manuals ‘Succeed Admirably’ 





Easy to Build Solar Batch Heater, Thermosiphoning Air Panel and 
Retrotrombe. Total Environmental Action Foundation, Harrisville, 
New Hampshire, 1984. Each manual 16 pp., illus., $7.95. 


hese three construction 
T manuals (and one to come 
on sunspaces) are a wel- 
come addition to the solar lit- 
erature. The retrofitter can spend 
less time with on-site experimen- 
tation if the manuals are followed 
carefully. 
These are the clearest, most 
straight-forward, construction 


manuals available for batch solar 


Reviewed by Alex Wilson, execu- 
tive director of the New England 
Solar Energy Association and for- 
mer workshop program director 
of the New Mexico Solar Energy 
Association. He is the author of 
the Thermal Storage Wall Design 
Manual. 


water heaters, thermosiphoning 


air panels, and Trombe wall retro- 
fits. A particularly exciting fea- 
ture is that for relatively low ma- 
terial costs, the end results are 
crisp, aesthetically pleasing prod- 
ucts with glass as the glazing ma- 
terial in all three cases. Each has a 
few problems, to be sure, but 
they are a refreshing improve- 
ment over most available retro- 
fitting details. 

All three manuals 
same basic format: 


have the 


® Concise introduction of the 
system and its applicability 


@ Good discussion of energy 
conservation as the first step 
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@ Discussion of system perfor- 
mance with energy and dollar 
Savings 

® Pre-construction checklist 


® Detailed materials list with cost 
estimates 


® Necessary tools 


@ Step-by-step construction se- 
quence 


® Operation and maintenance 
information 


@ Short bibliography. 


The accompanying blueprints 
are full-sized, clear and profes- 
sionally done. 

Most of the problems are fairly 
minor, but noteworthy. With all 
three manuals, the cost informa- 
tion will go out of date almost 
immediately, depending on ac- 
tual inflation rates and the state 
of the construction industry. In 
addition, building material prices 
vary from place to place, and this 
is not discussed. With a little dig- 
ging, however, accurate price in- 
formation should be readily ob- 
tainable. 

Nothing is mentioned in the 
batch heater and retrotrombe 
manuals about selective absor- 
ber surfaces, a potential modifi- 
cation which could significantly 
boost performance at relatively 
low cost. 

More should be said in the 
batch heater manual about ob- 
taining assistance from profes- 


sional plumbers. In many states 
and communities, a license is 
required to tap into the domestic 
hot water system. In addition, 
several plastic adapters are speci- 
fied while all other plumbing is 
copper. Having had poor luck 
with plastic fittings and adapters 
in solar water heaters, most in- 
stallers now avoid them. 


Most thermosiphoning © air 
panel designs provide inade- 
quate vent areas. This one pro- 
vides enough, finally, but the 
recommended plastic or Frisket 
paper back-draft dampers might 
provide too much air resistance, 
especially with reduced linear 
flow rates caused by the large 
vents. Also, it is questionable 
whether such back-draft dam- 
pers are all that successful at pre- 
venting reverse thermosiphon- 
ing. 

Neither the thermosiphoning 
air panel nor retrotrombe man- 
uals provides enough informa- 
tion on overheating. The only op- 
tion mentioned is covering the 
glazing with a tarp, which is sur- 
prising given the obvious desire 
to provide an aesthetically pleas- 
ing end product. Overhangs and 
exterior vents should at least be 
discussed as options. 


Both wall-collector manuals 
paint a rosy picture of existing 
wall attachment ease. From my 
own experience, | know that one 
can seldom count on having flat 
walls or studs perfectly aligned 
on 16 or 24 inch centers. Conse- 
quently, a wall-collector retro- 
fit site should always be ap- 
proached with a wide variety of 
fasteners on hand, from lag bolts, 
toggle bolts and lead anchor 
shields to screws and _ Hilti-Hit 
Anchors. 

Nevertheless, these are still the 
best manuals available which, for 
a modest price, will produce 
functional, aesthetically pleasing 
retrofit Trombe walls, thermosi- 
phoning air panels and batch 
water heaters. They are intended 
to be construction manuals, not 
treatises on every nuance of de- 
sign. As construction manuals, 
they succeed admirably. 
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ABSTRACT 


Theoretical and experimental studies 
are summarized in a review, and the de- 
sign options for using radiant cooling are 
evaluated. The various components in- 
volved in the radiant exchange of long- 
wave (nocturnal) radiation between radi- 


ators and the atmosphere are analyzed. 
The basic equations by which these com- 
ponents can be evaluated are presented. 
The techniques by which the heat loss 
due to longwave radiant exchange can be 
used, are discussed, as well as their prac- 
tical implications. 


INTRODUCTION 


Any material surface emits electromagnetic radi- 
ation with a wavelength inversely related to its tem- 
perature. The radiation emitted from the surface of 
the sun, referred to as shortwave, has a spectral 
range from about .25 to 3 microns (one-thousandth 
of a millimeter) with a peak radiation of about .5 
microns. The radiation emitted from surfaces on 
the earth with natural temperatures, called long- 





wave, is in the spectral range of 5to 30 microns with 
peak radiation at about 10 microns. Constant ex- 
change of radiant energy in the longwave spec- 
trum takes place between a building and the at- 
mosphere. Any element of the external envelope 
of a building which “sees” the sky is emitting long- 
wave radiation toward it, continuous over the 
spectral range. Since the roof is the building ele- 
ment exposed the most to the sky, it is the most 
effective location for a longwave radiator. 

The emission of longwave radiation from build- 
ing surfaces takes place continuously, day and 
night. However, during the daytime the radiating 
surface is exposed to solar radiation. The solar radi- 
ation absorbed at the surface (which depends on its 
solar absorptivity, i.e., its color) produces heat 
which, in most cases, outweighs the cooling effect 
produced by the emission of longwave radiation. 

Research and development on special surfaces, 
highly reflective in the solar spectrum and with 
high emissivity in the longwave range (5 to 30 mi- 
crons) may change this situation. However, with 
the materials presently available, radiant cooling 
can be obtained only during the night hours. For 
this reason it is often referred to as nocturnal radi- 
ation. 

The temperature of deep space beyond the at- 
mosphere is near absolute zero, about 4 K. How- 
ever, the atmosphere forms a screen between the 
ground and deep space. Some constituents of the 
atmosphere emit longwave radiation toward 
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Nomenclature 


i = convective heat exchange between 
radiator and ambient air. 


C, and C, = cloud correction factors. 
F flow rate of radiator. 
= convective coefficient. 

cooled air. 

heat transfer. 

thermal conductivity. 

length. 

cloud cover. 

net cooling. 


= Prandtl number, a measure of how 
rapidly momentum is dissipated 
compared to the rate of diffusion 
of heat through a fluid. : 


heat loss. 


= convective heat exchange with 
ambient air. 


overall heat balance of a 
nocturnal radiator. 


= absorbed sky radiation. 
radiant cooling. 


= Reynolds number, the ratio of inertia 
forces to viscous forces in fluid flow. 


= emitted radiation. 
net radiant heat loss of a radiator. 
atmospheric incoming radiation. 
temperature of radiator. 
temperature of ambient air. 


depression of sky temperature below 
ambient air under clear sky conditions. 


= average temperature. 

= ambient dew point temperature. 
initial reference temperature. 

= air outlet temperature. 

= surface temperature of a radiator. 


= radiative surface 
stagnation temperature. 


= temperature depression of ambient air. 
effective sky temperature. 
stagnation temperature. 
convective-conductive coefficient. 
radiative heat loss coefficient. 


= Stefan-Boltzmann constant, the ratio 
of the emissive power of a blackbody 
per unit of area and time to the 
absolute temperature of the body. 


= absolute emissivity. 
emissivity of the radiator. 
= variable sky emissivity. 
bal nats 7 
1.8 
°C + 273.15 (one degree Celsius equals one 


kelvin, but temperatures in °C and kelvin 
are not equal). 
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the ground and this radiation partially counteracts 
the outgoing longwave radiation emitted from 
the building, or from specialized radiators used to 
collect ‘“‘nocturnal cold.” There are some differ- 
ences in the energy flux and the spectral distribu- 
tion of the radiation emitted by the building and 
that emitted by the atmosphere, resulting in net 
radiant heat loss from the building. 


Under clear sky conditions, the incoming radiant 
flux has two distinct peaks, at about 7 and 15 
microns, with a ‘“‘deep,” the so-called sky, or at- 
mospheric window, clearly evident between 8 and 
13 microns, where the atmospheric back radiation 
is appreciably weaker. As the moisture and clouds 
in the air increase, radiation in the 8 to 13 micron 
range increases, as can be seen in Fig. 1. Under 
cloudy conditions, the spectral distribution is close 
to that of a graybody, namely, a continuous spec- 
trum peaking at about 10 microns. 

In a comment on this manuscript, one of the 
reviewers has pointed out that ‘dust particles and 
other atmospheric aerosols do not contribute 
much to the longwave atmospheric radiation 
unless they act as nucleation centers for moisture 
condensation.” 

The net radiant heat loss from a radiator placed 
on the roof of a building is the balance between the 
energy flux emitted by the radiator and the 
incoming atmospheric radiation which is absorbed 
by the radiator. It can be up to about 70 W/m? (22 
Btu/ft2 h) from a radiator with an ordinary surface 
under a clear sky on a calm night in the desert. The 
net radiant loss decreases with cloudiness and 
humidity of the ambient air. 

In calculating the net radiant heat loss, it is 
convenient to make use of the concept of the 
“effective sky temperature.” It is defined as the 
temperature of a blackbody which radiates toward 
the ground with a continuous spectrum, and at the 
same flux as the measured atmospheric radiation 
under the given climatic conditions. The effective 
sky temperature depends mainly on cloudiness 
conditions and ambient humidity. It also varies 
across the sky vault, being lowest at the zenith and 
highest near the horizon, where it practically 
equals the ambient air temperature. 


As long as the emitting surface is at a higher 
temperature than the ambient air, it can use all the 
potential of radiant heat loss, together with 
additional convective cooling. This can be the case 
when, for instance, a concrete roof is used as the 
radiating surface, or when a_ lightweight, 
uninsulated roof is in thermal contact with the 
indoor space. This “thermal contact” should be 
eliminated, of course, during the daytime hours in 
summer, and throughout the winter at all times. 


The emittance of longwave radiation may lower 
the temperature of the radiating surface below the 
ambient air level. In this case, a convective heat 
gain from the air counteracts the radiant heat loss 
until an equilibrium is reached between the heat 
gain and loss. The convective heat gain depends on 
the wind speed near the emitting surface so that as 
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the wind speed increases, the temperature of the 
emitting surface is closer to that of the ambient air. 

In humid climates, during warm nights with clear 
skies, radiant heat loss may be the major force for 
cooling of buildings. With suitable design it is pos- 
sible to cool a storage mass (the roof itself or a 
specialized storage layer, such as pond on the roof) 
to a temperature below the wet bulb, or even 
below the dew point. In such cases condensation 
may take place on the radiating surface, which 
might be the limiting factor for dropping the tem- 
perature. 

Under ordinary conditions the cooling effect re- 
sulting from the net radiant heat loss by the ex- 
ternal surface of the roof cannot be used directly 
for cooling the building because of the thermal 
resistance of the roof. Almost all of the cold pro- 
duced is expended to cool the ambient air in 
contact with the roof, unless the radiating surface is 
at a temperature higher than the ambient air. 


In order to use the cooling effect of the noctur- 
nal radiation, ways have to be found by which the 
cold produced can be transferred into the build- 
ing’s interior. Different approaches for using the 
radiant heat loss for cooling the interior of the 
building are discussed later on. 

Three types of problems are involved in the de- 
sign of systems for using nocturnal longwave radia- 
tion for cooling: 


@ The first problem involves the estimation of the 
meteorological potential for radiant heat loss. It 
includes estimation of the effective sky temper- 
ature, or its emissivity, and the convective heat 
exchange as bases for calculating the net radiant 
and total heat losses of ordinary surfaces. 

e@ The second type of problem involves develop- 
ment and application of techniques for aug- 
menting the net radiant loss from the radiating 
surface above its natural level, and reducing the 
convective heat gain from the ambient air by 
such means as infrared (IR) transparent wind- 
screens and the use of IR selective surfaces. In 
considering these problems, attention should 
be paid to the possibilities of deviations from the 
theoretical ideal performance due to such fac- 
tors as dew formation and dust settling on the 
radiator’s surface, as well as the durability of the 
windscreen materials and the structural details 
of its application. 

@ The third type of problem is related to using the 
cold produced by the nocturnal radiation, that 
is, the transfer of this cold to the building and 
the way in which it is used to provide the re- 
quired indoor comfort conditions. In practice it 
means the choice and design of the type of cool- 
ing system, whether direct cooling of the cold 
storing mass (e.g., a roof), or the use of a heat 
transfer medium and a specialized longwave 
radiator. 

The actual choice and design of the cooling sys- 
tem depends on the type of building (e.g., single 
story or multistory) and the temperatures attain- 
able by the radiator under the given climatic condi- 
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Figure 4: As moisture and clouds in the air increase, 
radiation in the 8 to 13 micron band increases. 


tions. This choice may also be influenced by the de- 
sirable mode of indoor cooling (e.g., conductive or 
convective heat transfer). This last point also great- 
ly affects the comfort sensations of the occupants 
because it determines the role of radiative and 
convective heat exchange between the human 
body and the indoor environment. 

This paper is, on the one hand, asummary of the 
state of the art in radiant cooling, based on areview 
of the literature and, on the other hand, a personal 
evaluation of the material. 

Detailed information on the results of the exper- 
imental studies on radiant cooling by the author is 
presented in a research report by Mostrel and 
Givoni.! 


HEAT EXCHANGE IN RADIANT COOLING 


All systems of cooling buildings by nocturnal 
longwave radiation involve four components of 
heat transfer: 


@ the radiation emitted by the atmosphere and 
absorbed by the radiating surface; 


@ the longwave radiation emitted by the radiator; 


e@ the convective heat exchange between the 
radiator and the ambient air; 


e the heat transfer from the building (or the cold 
storage) to the longwave radiator, during the 
night hours (i.e., the used cold energy). 


Atmospheric Radiation 


As known, the atmosphere consists mainly of 
nitrogen (about 78%) and oxygen (about 21%), with 
only minute quantities of other constituents, main- 
ly water vapor, carbon dioxide, and dust. Oxygen 


*The steradian, sr, is defined by ASHRAE as the unit of measure 
of asolid angle with its vortex at the center of a sphere and en- 
closing an area of the spherical surface equal to that of a square 
with sides equal in length to the radius. 
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and nitrogen neither absorb nor emit longwave ra- 
diation and thus are transparent to this part of the 
radiation spectrum. However, water vapor emits 
and absorbs radiation at wavelengths around 6.6 
and 18.0 microns while carbon dioxide emits and 
absorbs radiation at around 15 microns. The radia- 
tion emitted by these gases downward towards the 
earth is defined as the atmospheric back radiation. 

As mentioned above, the atmospheric back radi- 
ation depends mainly on the level of cloudiness. 
Under clear sky conditions and low humidity, the 
atmospheric radiation is concentrated in the 3 to 8 
micron and in the 13 to 20 micron bands. As the 
water vapor content of the air increases, the inten- 
sity of the atmospheric back radiation in the 8-13 
micron band, or atmospheric window, also in- 
creases, resulting in a stronger total atmospheric 
back radiation toward the earth (see Fig. 1).? 

Clouds, especially low clouds, emit radiation 
throughout the whole longwave spectrum so that 
under an overcast sky, the phenomenon of the sky 
window practically disappears. Thus, under cloudy 
sky conditions the atmospheric radiation reaches 
its maximum, and consequently the net radiant 
heat loss is reduced to its minimum. 

There are two ways by which the atmospheric 
back radiation can be expressed quantitatively. 
The first is to assume that the sky emits radiation as 
a blackbody, with a given effective sky tempera- 
ture. The atmospheric emissivity is then taken as 
unity (e, = 1.0). The other way is to assume that the 
atmosphere has the same temperature as the air 
near the ground, but its emissivity is less than unity 
(like radiation emitted from a graybody). The lower 
sky emissivity is used to express quantitatively the 
reduced intensity of the atmospheric radiant flux. 


Emitted Radiation 


The intensity of the longwave radiation emitted 
by specialized radiators, or by the roof itself when 
it serves as the radiating surface, depends, from the 
physicist‘s viewpoint, only on two factors: the ab- 
solute temperature of the radiating surface, T,, and 
its emissivity, é. The emissivity of any given radia- 
ting surface is a physical property which, theoreti- 
cally, does not vary with the way in which the radia- 
tor is being used, although it might change with time 
(e.g., by oxidation). In practice, however, when 
the temperature of aselective radiator drops below 
the dew point of the ambient air and dewis formed 
over it, its effective emissivity might approach that 
of an ordinary surface. 

On the other hand, the temperature of a radiator 
used at night, and especially its relation to the am- 
bient air temperature, depends on its mass and on 
the way in which it is used. This factor is very signifi- 
cant in determining the total energy loss from the 
radiator (the combined net radiant loss and con- 
vective exchange). In particular, the thermal con- 
tact between the radiator and the building to be 
cooled can affect the temperature of the radiator 
and its overall efficiency. This point is discussed 
in detail later. 
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Convective Heat Exchange 
with Ambient Air 


In all cases of radiant cooling there is also a con- 
vective component of heat exchange interacting 
with the radiative processes. For exposed longwave 
radiators the convective exchange is a function of 
the convective coefficient, which depends on the 
wind speed near the radiator and is proportional to 
the temperature difference between the radiator 
and the ambient air. 

The convective coefficient, however, is one of 
the most difficult factors to estimate accurately. It 
depends on the wind speed near the radiating sur- 
face and on whether the air flow next to the surface 
is laminar or turbulent. Realistically, any value as- 
sumed for the air speed should be considered as 
only a rough estimate. A building’s known wind 
parameters are usually only the wind speed and di- 
rection determined at some meteorological station 
which is not always close to the building. Further- 
more, the wind fluctuates constantly both in direc- 
tion and speed, so that the relationship between 
the wind conditions at the measuring point and 
next to the radiator changes constantly. Thus, there 
is no way to know with any reasonable accuracy the 
nature and speed of the wind next to the radiating 
surface, and it should be realized that any value 
assigned in the equations of the convection coef- 
ficient is only a rough estimate. 

If it is assumed that most of the night the temper- 
ature of the radiating surface will be greater than 
the ambient air temperature (e.g., when a massive 
concrete roof or a water pond on the roof serves 
directly as a radiator) then a high wind speed may 
assist the cooling rate by increasing the convective 
heat loss. 

However, in those systems of radiant cooling 
where the radiator’s temperature is planned to be 
below that of the ambient air, special IR transpar- 
ent windscreens can be applied to minimize the 
convective heat gain from the warmer air. 


Net Energy Loss 


The net energy loss from a radiator is the balance 
between three components of heat exchange: the 
radiation emitted by the surface, the atmospheric 
radiation which is absorbed by the radiator (which 
together determine the net radiant loss), as well as 
the convective heat exchange between the radi- 
ator and the ambient air. Whether the convective 
heat exchange provides heat to or extracts heat 
from the radiator depends of course on the tem- 
perature relationship between the radiator and the 
ambient air. In those systems where the radiating 
surface can be kept at a higher temperature than 
the ambient air during the night while collecting 
nocturnal cold, as mentioned above, convective 
heat loss is used together with the net radiant loss 
to provide a cooling effect. In such systems the to- 
tal cooling rate of the building is highest. How- 
ever, such systems can be applied only if the roof is 
insulated during the daytime hours. 
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On the other hand, when the radiator has to be 
at a lower temperature than the ambient air in 
order to provide the necessary cooling effect, 
which is the case whenever specialized radiators 
are used, then the convective heat exchange coun- 
teracts the radiant loss, resulting in a lower total 
heat loss compared with that obtainable in the first 
case, 


Cold Energy Used— 
Net Cooling, NC 


For the net cooling to be useful, a heat flow path 
is required to transfer heat from the building, or 
from a cold-storing medium, to the radiator so that 
it can be dissipated through the net radiant loss. 

Such a heat transfer can be made by several 
means, the choice of which determines the type 
of radiant cooling system to be used. 

These heat transfer means include, among other 
things: 


e forced convection, by air or water flow between 
the building (or storage) and the radiator; and 


@ conduction of heat from the indoor space to 
the radiating surface, (e.g., through the roof 
structure). When this mode of heat transfer is 
applied the roof itself serves as the radiator. In 
this case insulation should be provided during 
the daytime hours, either above the roof or be- 
tween the roof and the cooled indoor space. 


The heat transfer at night from the building (or 
the store) to the longwave radiator is the net cool- 
ing effect (NC) produced by the radiant cooling 
process. 


BASIC EQUATIONS OF 
RADIANT COOLING 


A comprehensive review and analysis of the ba- 
sic physical factors affecting the potential for ra- 
diant cooling are presented in a paper by Clark and 
Berdahl? summarizing the works at Trinity Univer- 
sity and at Lawrence Berkeley Laboratory. This 
paper by Clark and Berdahl is based on results 
which were presented previously in several publi- 
cations. The following treatment in this chapter 
of the equations related to the components of the 
exchange is based to a large extent on this work. 
The convective heat gain from the ambient air and 
the net cooling utilized by the building are dis- 
cussed in the next chapter. 

The general equation expressing the overall heat 
balance of a nocturnal radiator is: 


Qnet = Rnet £ C (1) 


where Qnet is the net cooling utilized by the build- 
ings, Rnet is the net radiant heat loss of the radiator 
and Cis the convective heat exchange between the 
radiator and the ambient air. 
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Net Radiant Loss, Rne 


The net radiant heat loss Rnet from an exposed 
radiator made of ordinary nonselective surface ma- 
terials (a graybody) is the balance between the 
longwave flux emitted by the radiator, Remit, and 
the incoming atmospheric radiation which is ab- 
sorbed by the radiator, Rass. The absorbed radia- 
tion is the product of the radiation emitted by the 
sky, Rsxy, and the absorptivity of the radiator’s sur- 
face, which equals its emissivity for the same radia- 
tion spectrum, ér. 

Thus: 


Fes — eri < Rabs. (2) 
Emitted Radiation, Remit 


The longwave radiation emitted by a gray radia- 
tor (or aroof surface) depends on its absolute tem- 
perature, T\., and emissivity, ¢. The radiator’s long- 
wave emissivity depends mainly on whether the 
surface is metallic or nonmetallic. For metallic sur- 
faces exposed to the weather with some oxidation, 
the emissivity of the surface, &, is about 0.1 to 0.2. 
Nonmetallic materials, such as concrete, plaster, 
glass, wood, and so on, have emissivities of about 
0.9. It should be noted, however, that the emissiv- 
ities of metallic surfaces and those containing me- 
tallic ingredients depend on the degree of oxida- 
tion, which may vary with time. Therefore, they 
should be considered only as approximate values. 

Thus: 


Remit —= O Ey ibs: (3) 


where oa is the Stefan-Boltzmann constant, whose 
value depends on the units which are used: 


o = 5.67 - 10° (W/m? kK”), in SI units; 
o = 4.88 - 10°(k cal/m* h K’*), in metric units; 
o = 0.17 - 10° (Btu/ft? h R’), in English units. 


Atmospheric (Sky) Radiation, Rsxy 


The atmospheric incoming longwave radiation 
can be expressed in two ways. The first way is to 
estimate the effective sky radiant temperature, 
Tsxy, assuming the sky emissivity as 1.0 (blackbody 
radiation). Then the atmospheric incoming radia- 
tion is given by: 


hey ==" ()) are (4a) 


The second approach is to estimate the atmos- 
pheric radiation in terms of the ambient air tem- 
perature (near the ground), T., assuming a variable 
sky emissivity, 


Reky = 0 €s ake (4b) 


Both of these methods disregard the spectral 
distribution of the sky incoming radiation and deal 
only with the total flux of radiant energy, assumed 
with a continuous spectrum. These methods can be 
applied when the radiating surface is a graybody 
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which absorbs indiscriminately the different wave- 
lengths of the sky thermal radiation. A different ap- 
proach may be preferred when the radiating sur- 
face is a selective one. 


Emissivity of Clear Sky , €; 


The concept of atmospheric sky emissivity re- 
lates the radiant loss directly to the ambient air 
temperature, a meteorological measurement 
which is available in most locations. Since the sky 
emissivity can be estimated for clear sky conditions 
by a simple formula, it is useful to discuss separ- 
ately the radiant heat loss under clear sky condi- 
tions. 

Under clear sky conditions, the main factor 
which affects the radiant heat loss, Rnet, and hence 
the emissivity of the sky and its radiant temper- 
ature, is the absolute humidity level, expressed in 
terms of the vapor pressure or the dew point. 

Clark and Berdahl3 compare different equations 
and measurements of the emissivity of clear sky as 
a function of the dew point. Clark and Allen‘ have 
suggested the following formula for the emissivity 
of clear sky, as a function of the dew point (in °C): 


és = 0.787 + 0.0028 Tap . (5) 


Effective Sky Temperature, T'sxy 


Clark and Berdahl3 suggest that, as the two ways 
mentioned above express the same incoming sky 
radiation, together they enable us to estimate the 
effective sky temperature in terms of the ambient 
air temperature, by equating the two expressions: 


Rayisiol vor ae 
Hence ita, = eae (6a) 


Values of es for different dew points are given in 
Table 1. 

Clark and Allen* have analyzed measurements 
of the net radiant cooling in San Antonio, Texas. 
Berdahl and Fromberg? have analyzed data from 
Gaithersburg, Maryland; Tucson, Arizona; and St. 
Louis, Missouri. Each of them has developed corre- 
lations between the depression of the sky tempera- 
ture below ambient air under clear sky conditions, 
AT..s asa function of the ambient dew point, AT ap. 








Emissivity of Clear Sky 

at Varying Dew Points 
(°F) Cae) 2 ri 
32 0 0.74 0.93 
A 5 OTF 0.94 
50 10 0.80 0.95 
59 15 0.83 0.95 
68 20 0.86 0.96 
77 25 0.89 0.97 
86 30 0.92 0.98 
95 3D 0.95 0.99 





Table 4: Values of clear sky emissivity, ¢s and of «,’’* are 
given for eight dew points, Tap. 
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Sky Temperature Depression 
as a Function of Dew Point 











English Metric 

ado Nles ir pap 

(°F) (a) (°C) (°C) 
32 34.2 0 19 
44 31.0 4) aaee 
50 Ziad 10 15.4 
59 24.5 a3 13.6 
68 20.5 20 11.4 
rare 16.6 25 9.2 


Table 2: The depression of sky temperature below am- 
bient air under clear sky conditions, AT... ,is shown as a 
function of the ambient dewpoint Ta). 


The results can be expressed in tabular form (see 

Table 2) and by an average formula (in degrees 
centigrade) derived by the author: 

AVis S19 ASO rae (7) 

Hence, the sky temperature under clear sky con- 


ditions which is calculated in Eq. 6a also can be 
estimated by the formula: 


Tax Ti Tes = ls — 19 = Vict ee (6b) 


Absorbed Sky Radiation, Rabs 


The atmospheric sky radiation, Rsxy, is absorbed 
by the earth surface and buildings’ surfaces accord- 
ing to absorptivity. For any given wavelength the 
absorptivity of a surface equals its emissivity, €é. 

The general formula of the absorbed sky radia- 
tion Is: 

Reta 10 (ry Réist (8a) 


The specific formula by which to calculate the 
absorbed sky radiation depends on the form in 
which the sky radiation is expressed. 

When the sky radiation is expressed in terms of 
the sky temperature (Eq. 3), then the absorbed ra- 
diation is given by: 


Raga =O eae Ras (8a) 


When the atmospheric radiation is expressed in 
terms of the ambient temperature, T,, and the sky 
emissivity, es, the absorbed atmospheric radiation 
iS: 


ee == OF Cre Ears igh . (Sb) 


Net Radiant Loss, Rnei 
The net radiant heat loss is given by: 
Rnet = o ‘er (Ty — Ts’) = ove-(Ty’ —es'Ta’) (9a) 
where T, equals the surface temperature. 
Clark and Berdahl state that if a reference tem- 


perature, T., of about 20°C (293 K) is assumed, then 
the net radiant heat loss can be expressed by a 
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linear function of the difference between the tem- 
peratures of the radiator and the sky (in K) 


Rnet — Cr AoT,° (Ty ail Ts). (9b) 


The expression (40T,”) is a constant. Its value is 
approximately 5.7 in SI, 4.9 in metric, and 1.00 in 
English units. Assuming for ordinary surfaces that 
= 0.9, the net radiant loss becomes: 


Reus, cOnStan El Le te. 1) (9c) 


where the constant is 5.11 in SI units, 4.4 in met- 
ric units, and 0.9 in English units. 

The linear form of the formula for the net radiant 
loss, when it is expressed in terms of the effective 
sky temperature, facilitates greatly the related cal- 
culations. However, the sky temperature has to be 
evaluated separately, for example, by Eq. 6a or 6b. 


Net Radiant Cooling under Clear Sky 


The preceding equations enable the estimation 
of the net nocturnal radiant heat loss from a 
radiator with a given surface temperature, T,, 
when the ambient air and dew point temperatures 
are known, following the procedure applied by 
Clark and Berdahl.3 The steps are: 


1) Estimate the sky emissivity, e,, from the dew 
point (by Eq. 5). 

2) Estimate the sky temperature, Ts, from the air 
temperature and the sky emissivity (by Eq. 6a 
or Eq. 6b). 


3) Estimate the net radiant heat loss, Rnet, (by Eq. 
9c): 


te. Vise shouin Units: 


Clark and Allen *°® ° have measured the net 
radiant loss at different humidity conditions under 
clear skies. They have expressed the net radiant 
loss as a function of the ambient air temperature, 
Ta, assuming variable sky emissivity, és. 

The sky emissivity itself was expressed by Clark 
and Allen as a function of the ambient dew point 
temperature, Tap. The formulas they used are: 


Rnet = Mal is ie eee Chives iti 


where e is the radiator’s emissivity, and 
where log. is the natural logarithm 


a ‘7 7c Va 
és = 0.787 + 0.764 loge (8 ) : 





Effect of Cloud Cover on 
Atmospheric Radiation 


Clouds, especially low clouds, increase greatly 
the incoming sky radiation and thus reduce the net 
radiant heat loss. High altitude clouds have little 
effect because of their low temperatures. Cloudy 
conditions at night often are estimated visually by 
observers at weather stations, and results reported 
in terms of n, tenths of the sky dome obscured 
(ranging from 0 for clear sky to 10 for completely 
overcast sky). 


Cloudiness and Sky Radiation 


Clark and Allen have measured the sky back 
radiation for different cloudiness conditions.4 In 
order to express quantitatively the increase in the 
atmospheric radiation caused by the clouds, they 
have defined a cloud correction factor, Ca. This 
correction factor is the ratio of the measured back 
radiation of a cloudy sky to the computed clear 
sky radiation, by Eq. 4a or 4b given above. The 
cloud cover is expressed by n, tenths of opaque 
sky cover. Thus: 


__ measured cloudy sky atmospheric radiation 
computed clear sky atmospheric radiation 


Based on their measurements, Clark and Allen 
have developed a regression formula, expressing 
the dependence of the cloud correction, Ca, on the 
cloud over, n: 

The regression they arrived at is: 


Ca = 1 + 0.0224n - 0.0035n” + 0.00028n° (10) 
With overcast sky (n=10) the value ofC, is 1.154. 
The value of Ca for different sky cover conditions, 
according to this formula, is given in Table 3. It 
should be noted that although the effect of 
cloudiness on the total atmospheric back radiation 
is small, increasing it under overcast sky by only 
15% above the clear sky level, its effect on the net 
radiant loss is much greater. This is caused because 
the difference in the fluxes of the emitted radiation 
and the sky incoming radiation is very small in com- 
parison with the actual levels of the radiation fluxes. 
Therefore, even a small decrease in the overall 
flux of the incoming radiation which occurs under 
clear sky conditions due to the atmospheric window 
increases greatly the difference between the 
emitted radiation and the incoming sky radiation. 


Effect of Cloud Cover on 
Net Radiant Heat Loss 


Instead of computing the net radiant heat loss 
under cloudy sky conditions as the balance between 


Cloud Correction Factors at Different Cloud Covers 





n 0 y 2 3 4 





Ca 1 1.019 1.033 4.111 1.052 


5 6 y 8 9 10 
4.060 1.069 1.084 1.099 Lice 1.154 








Table 3: Values are given for the cloud correction factor, C,, at different amounts of cloud cover, n. 
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the emitted outgoing radiation and the incoming 
corrected sky radiation, it is possible to express the 
net radiant heat loss under cloudy sky directly as the 
ratio of the net radiant heat loss under cloudy sky to 
the net radiant loss under clear sky conditions. 
Clark and Allen have thus defined another cloud 
correction factor, Cn, which is defined by the ratio: 


__cloudy sky net radiation © (11) 
clear sky net radiation 


The measured values of the net radiation under the 
different cloud conditions were used by Clark and 
Allen to generate a formula for Cn. The general 
regression formula that Clark and Allen got for their 
data (all types of clouds) is: 


Cn = (1 - 0.056n) - (1a) 


which means that under overcast sky the net radiant 
loss is less than half of that occurring under clear sky 
conditions. ; 
Clark and Allen also estimated Cn for different 

types of clouds: 
1) for low clouds, altitude 0-3 km (0-9,000 /t) 

Cn (low) = 1 — 0.059n, (11b) 
2) for medium clouds, altitude 4-7 km 

(12,000-21,000 ft) 

Cn (medium) = 1 — 0.039 n, Chic) 
3) for high clouds, altitude 8-12 km (24,000- 

36,000 ft) 

Cn (high).= 1 - 0.029n. (11d) 


Effective Temperature of Cloudy Sky 


Putting together the formulas for the sky emis- 
sivity, ¢s (Eq. 5) and the cloud correction factor, Ca, 
Blanpied’ has estimated the effective (cloudy) sky 
temperature as derived from the ambient air 
temperature: 


Tay = (eCa)””* Ta. (12) 


TECHNIQUES TO INCREASE 
NET HEAT LOSS 


Two techniques can be used, separately or jointly, 
to increase the rate of the net heat loss from radi- 
ators, namely: 


1) applying a windscreen, transparent to long- 
wave radiation, to reduce the convective heat 
gain from the ambient air; and 


applying a selective surface to the radiator, 
which emits mainly in the spectrum of the sky 
window and is reflective in the rest of the 
longwave spectrum, and preferably also in 
the shortwave (solar) spectrum. 


= 


Nocturmal Convection as 
Related to Radiant Cooling 


Depending on whether the radiator’s tempera- 
ture is above or below that of the ambient air, con- 
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vective heat transfer either assists or counteracts the 
radiant cooling process. 

The nature of the convection coefficient, whether 
forced or thermal, depends, of course, on the wind 
conditions. Nights in many places are relatively calm 
and therefore the question of free convection, 
induced by thermal differences, deserves special 
attention in dealing with the effect of convection on 
the performance of nocturnal radiators. 

When the radiator’s temperature is above am- 
bient air, the heat flow is in the upwards direction. 
Consequently, the free convection coefficient is 
much higher than when the radiator is cooler than 
the ambient air, and a stagnant, cooled layer of air is 
formed over its surface. 

The general formula for convective heat ex- 
change, Qc, is: 


Qe Ne (by be (13) 


Clark and Berdahl? suggest the following values 
for the convective coefficient, h., under the 
different conditions of wind speed and the rela- 
tionship between the temperatures of the radiator 
and the ambient air (in SI units): 


1) radiator warmer than the ambient air and 


wind speed below 0.45 m/sec 
he = 3.5 W/m2°C, (13a) 


2) radiator cooler than ambient air and wind 
speed below 0.076 m/sec 


he = 0.8 W/m2°C, (13b) 
3) wind speed below 1.35 m/sec 
(0.054 Re®* Pr’™)k 


— 








ie 7 (13c) 
where ‘ 
Dae ee V and. pret 
bu k 


4) wind speed (V) between 1.35 - 4.5 m/sec 
he = 1.8 + 3.8 V. (13d) 


As stated above, the actual wind speed next to the 
radiating surface is typically unknown so the convec- 
tive coefficient and resulting convective heat 
exchange rate should be considered as only rough 
estimates. Therefore, a simple, single formula can 
provide the rough estimation of the convection 
coefficient. Analysis of the values obtained by Clark 
and Berdahl has provided the following formula, 
suggested by the author for estimating h., when the 
radiator is cooler than the ambient air: 


he =1+6 Wwe ‘ (13e) 


This single formula provides reasonable repre- 
sentation of the convective coefficient over the 
wind speed range experienced in practice when 
the radiator temperature is below the ambient air. 
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Temperature Depression and Net Heat 
Loss Due to Nocturnal Radiation 


When the radiant heat loss is not used (stagnation 
conditions) there is a balance between the heat loss 
from the radiator (which is at a lower temperature 
than the air) and the heat gain by convection from 
the ambient air. This balance results in a temper- 
ature depression of the radiating surface below the 
ambient air in which the heat loss by radiation 
equals the heat gain by convection. 

Under these conditions the temperature differ- 
ence between the ambient air and the radiating 
surface is highest (assuming stable conditions in 
the wind and cloudiness). The temperature thus 
attained is termed the stagnation temperature, 
(es 

This balance between the net radiant loss and the 
convective gain yields the formulas: 


Rees aa be kT rr ice) (14) 
jai hp _Rnet_ 
he (15) 
and 
Ts = he abs ie 
le 
(16) 
where 


Rnet 18 the net radiant heat loss, 
h. = the convective coefficient, 
T, = ambient air temperature, 
T,s = radiative surface stagnation temperature. 


Combining the equations for the emitted radiation, 
Remit, (Eq. 3), the absorbed sky radiation, Rats, (Eq. 
8a), and that of the convective coefficient fora 
radiator which is below ambient air, he, (Eq. 13) the 
following general formula can estimate the temper- 
ature depression, AT,s, of a radiator under stagna- 
tion conditions (in all compatible units): 


(Remit = Hate) 


ra lee: = he 


(17) 


Thus, it is possible to estimate the stagnation tem- 
perature depression, which expresses the potential 
for radiant cooling for any climatic conditions. The 
climatic data which is required to compute these form- 
ulas are: 

@ outdoor air temperature; 

e@ dew point; 

e cloud cover (by the n scale); 

@ wind speed. 


Transient Pattern of the 
Radiator’s Temperature 


Gordon and Zarmi® have shown that the relaxa- 
tion time of a radiator can be computed by the for- 
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mula (in any compatible system of units): 





ra mC 
(WH sin AUR Pt) 
(18) 
and that 
lf (T—T*) 
——= l Clare er 
a 
where 


mC = heat capacity of the radiator: 
U. and Ur = convective-conductive and radiative 

_ heat loss coefficient, respectively; 

T = temperature of the radiator; 
T. = initial temperature; 

* = stagnation temperature; 

Tay = average temperature between T, and T*: 
= time; 
T = relaxation time of a radiator. 

The relaxation time, T, can be determined ex- 
perimentally from the slope of the straight line ob- 
tained by plotting log. (T-T*)/(T. - T*) versus time, 
i 


Convection Suppression by 
Infrared Transparent Windscreens 


The convective heat exchange increases with the 
wind speed. Therefore, in cases when it is desired to 
lower the radiator’s temperature well below the 
ambient level it would be desirable to minimize 
convection without interfering too much with the 
emission of longwave radiation. (This is always the 
case when a specialized nocturnal radiator is used 
and when a heat exchange medium rather than the 
thermal storage mass itself is being cooled.) 

An inexpensive material which is transparent (by 
60 to 80%) to longwave radiation (IR transparent) is 
polyethylene film without UV inhibitors. If a thin 
sheet of polyethylene is firmly supported over the 
radiator, either by air pressure or by tension so that 
it does not flutter in the wind, a stagnant cold air 
layer will be formed over the radiator. The stagnant 
air layer serves as transparent insulation, minimizing 
the convective heat gain and producing a lower 
temperature of the radiator. 

Radiative properties of polyethylene film (without 
UV inhibitors) were measured by Clark and 
Blanpied.? These includes its IR transmission, re- 
flectivity, and emissivity. Typical weighted averages 
(for the different angles of incidence) are: 

transmissivity = 0.75; 

reflectivity = 0.10; 

emissivity = 0.15. 

Even a single layer of polyethylene reduces by 
about 25% the emitted radiation because of its im- 
perfect transmissivity. However, when the radiator’s 
temperature is below that of the ambient air, the 
convective heat gain is reduced to a much greater 
extent, especially under windy conditions. Thus, the 
net effect is to increase the amount of the radiator’s 
depression below ambient air temperature. 
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Two layers of polyethylene further reduce the 
convective heat gain from the ambient air, but at the 
same time the radiant heat loss is also reduced. 
Higgs and Hand" have found no difference be- 
tween the cooling rates with single and double 
polyethylene layers. 

In Arlington, Texas, Higgs and Hand measured the 
radiant heat loss (cooling rate) from a horizontal 
radiator with the radiator either exposed or covered 
by a polyethylene windscreen. As expected, when 
the radiator’s temperature was at or above ambient 
air, the cooling rate from the exposed radiator was 
higher. Only when the radiator’s temperature was 
more than 2°C (3.6°F) below the ambient air was the 
cooling rate from the screened radiator higher than 
that from the exposed one. Higgs and Hand have 
suggested the following two formulas for estimating 
the rate of heat loss, Q, from a nocturnal radiator 
(either exposed or screened) as a function of the 
temperature difference between the radiator, T,, 
and the ambient air, T,. For exposed radiators with 
ordinary surfaces the suggested formula is: 


Q= 125 — 24(T, — T,), in SI units (W/m? C) 
= 100 — 21(T. — T;), in metric units (k cal/h 
mre) 
= 40 — &(T, — T,), in English units (Btu/h ft? 
nt). (19) 


For an ordinary radiator covered with poly- 
ethylene windscreen, the suggested formula is: 


Q=,93—.10(T. — T;), in SI units 
= 80 — 9(T, — T;), in metric units 
= 30 — 3(T, — T,), in English units. (20) 

These formulas suggest that under the relatively 
humid climate conditions prevailing in Arlington, 
Texas, the average temperature depression of an 
exposed ordinary radiating surface, when the 
cooling effect is not used, is about 5°C and that of 
a radiator with a windscreen is about 9°C. These 
values represent the potential for radiant cooling 
in that region. Temperature depressions of 5° to 
7°C have been measured in the coastal city of 
Haifa, Israel, with exposed radiators." 

In San Antonio, Texas, Manning?? measured the 
net heat loss rate from a radiator with a 4-mil-thick 
polyethylene film at different temperature depres- 
sions below the ambient air level (Ta - T-) under 
different cloudiness conditions. Some of his 
results are summarized in Table 4. 


At the Institute for Desert Research in Sede 
Boger, Israel, the effect of a polyethylene wind- 
screen on the stagnation surface temperature de- 
pression below the ambient air was measured in a 
lengthy experimental series.1 The measurements 
have revealed a phenomenon which is not taken 
yet into account in estimating the effect of the 
polyethylene windscreen. 

Measurements were taken of the surface tem- 
perature of panels made of thin steel sheets in- 
sulated from below. One panel was exposed and 
the other one was protected by polyethylene film, 
placed 2 cm (0.8 in) above surface. It was observed 
that in the evenings the radiating surface which 
was protected by the polyethylene had cooled fast- 
er and attained a lower temperature than the 
exposed surface. However, on most nights, con- 
densation started to form on the polyethylene 
sheet at about midnight, or even earlier, and then 
the difference between the exposed and the pro- 
tected radiating areas practically disappeared. Fur- 
thermore, the two surfaces were very sensitive to 
passing clouds. Whenever the sky became cloudy 
the temperature of the two radiators rose and the 
difference between the exposed and the covered 
areas was greatly reduced. 

The two phenomena are shown in Figs. 2, 3, and 
4, which show the temperature patterns during 
three nights of the experimental series. The con- 
ditions of the sky cloudiness and the onset of con- 
densation are stated also in these figures. Results 
similar to those shown in Fig. 3 were observed 
most nights. 


Discussion and Implications 


Dew formation over the polyethylene wind- 
screen is bound to occur at night whenever the 
temperature of the film drops below the ambient 
dew point. The polyethylene film itself, being 
mostly transparent to infrared radiation, has a low 
emissivity, and thus would not cool significant- 
ly by radiant heat loss. However, when the radia- 
tor, under the windscreen, is cooled sufficiently 
below ambient air, a layer of stagnant cold air is 
formed between the radiator and the windscreen. 

The polyethylene film is then cooled by conduc- 
tion and its temperature may drop below the am- 
bient dew point. When the film’s temperature 
drops below that, condensation of dew is initiated. 


Net Heat Loss from a Radiator: Manning’s Results in San Antonio 








English (Btu/ft? h) Metric (W/m?) 
0 3 6 10 Ta - Ty = AT 0 3 6 10 
23 47 44 7 Clear sky 72 5a 35 22 
16 14 ri Bin Partly cloudy 50 oo 22 14 
44 55 © Cloudy a 17 9 _ 





Table 4: Some results are summarized from an experiment in San Antonio, Texas by Manning.'? He measured the rate 
of net heat loss from a radiator with a 4-mil-thick polyethylene film at different temperature depressions below the am- 
bient air level, T., - T,, under different cloudiness conditions. 
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Once condensation starts to occur over the 
polyethylene, it is a self-accelerating process: 
water absorbs longwave radiation and therefore 
has very high emissivity. The water film over the 
polyethylene becomes the radiating surface, and 
because of its very low heat capacity (due to its 
thinness) its temperature drops rapidly, acceler- 
ating the rate of dew formation until the polyeth- 
ylene film and the radiator underneath reach the 
stagnation temperature of an ordinary exposed 
radiator. 

When cold is withdrawn from the radiator, by 
cooling either air or water, its temperature is 
closer to that of the ambient air in comparison 
with a stagnant radiator. However, the overall 
benefit of the windscreen decreases greatly when 
the temperature difference between the ambient 
air and the radiator is decreased. 

In practice, when the nocturnal radiator is used 
to cool a heat transfer medium (air or water), the 
temperature difference between the radiator and 
the ambient air might be about 2° to 5°C (3.6°- 
9°F), depending on cloudiness and humidity. In 
this situation the net effect of the windscreen may 
be so small as to be insignificant or even counter- 
productive. 


Analysis of Polyethylene 
Windscreens Under Use Conditions 


Although the attainable temperature of a radia- 
tor with polyethylene under stagnation is signifi- 
cantly lower than that attainable by an exposed 


Temperature Patterns 
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Figure 3: A graph of the night of Aug. 28-29, 1981, shows 
the effect of cloudiness during a dry night on temper- 
ature patterns for exposed and protected radiators, as 
well as climatic conditions. 
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Figure 2: A graph of the night of Oct. 13-14, 198 1, shows 
the effect of a clear, dry night on temperature patterns 
for exposed and protected radiators, as well as cli- 
matic conditions. In the evenings, the surfaces pro- 
tected by polyethylene cooled faster and attained 
lower temperatures than the exposed surface. 
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Figure 4: A graph of the night of July 12-13, 1981, shows 
the combined effect of dew formation and cloudiness 
on temperature patterns for exposed and protected 
radiators, as well as climatic conditions. 
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radiator, the net radiant loss is lower because of 
the partial transparency of polyethylene to long- 
wave radiation. The lower stagnation temperature 
results from the fact that while the radiant loss is 
reduced to about 75%, the convective heat gain 
from the ambient air is reduced to about 30% 
under slight windy conditions, and to 40% on still 
nights. 

The heat sink for any nocturnal radiator is the 
sky with an effective sky temperature which is 
usually below the ambient air temperature. The 
depression of the sky temperature below the 
ambient one depends only on the ambient dew 
point and the cloud cover. 

The sky temperature is a meteorological param- 
eter, although an imaginary one, useful only for 
calculating the expected net radiant heat loss from 
the radiator. It is, of course, completely unaffected 
by the temperature of the radiator itself. 


On the other hand, the net radiant heat loss 
from the radiator decreases as its temperature 
decreases and approaches the sky temperature. 
Therefore, anything which lowers the radiator’s 
temperature reduces the total radiant loss, al- 
though the temperatures attainable for use in cool- 
ing of buildings are lower. 

The application of a polyethylene windscreen 
reduces the net radiant heat loss in two ways: first, 
the lower radiator temperature reduces the net 
radiant loss from the radiator. Second, because 
the polyethylene is only partially transparent to 
longwave radiation, less energy is radiated towards 
the sky. 

In fact, the reduced convective heat gain from 
the ambient air, which is the reason for the appli- 
cation of the windscreen in the first place, does 
not compensate for the reduction in the net 
radiant loss, so that the useable cooling is also 
reduced. 

Examples based on the experimental results of 
the energy balances of exposed and screened ra- 
diators can illustrate the effect of polyethylene 
when the radiator is used to cool the ambient air. 
With ambient temperatures of about 20°C (68°F) 
and dew points of about 10°C (50°F), typical de- 
pressions of the stagnation temperatures under 
clear skies and without condensation were about 
6°C (10.8°F) for exposed and 11°C (19.8°F) for 
windscreened radiators. The calculated net radiant 
loss from the exposed radiator is 64 W/m2 (20 Btu/ 
ft? h), yielding an effective convective coefficient 
of about 11 W/m2 °C (1.94 Btu/ft? h°F). 


Assuming 75% transparency of the polyethylene 
windscreen, the net radiant loss from the screened 
radiator (with the lower temperature) was about 
45 W/m? (14 Btu/ft? h), yielding an effective con- 
vective coefficient of about 4 W/m?°C (0.7 Btu/ft? 
jahed sy f 

When outdoor air is blown under the radiator 
to cool it, the total net radiant loss and the con- 
vective heat gain coefficient remain about the 
same. The average temperature of the radiator is 
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stabilized at some level between the ambient and 
the stagnation temperatures, depending on the air 
flow rate under the radiator. The total radiant 
cooling is partitioned between the convective 
heat gain from the ambient air and that used to 
cool the air flowing under the radiator. The heat 
balance of a radiator, in use, is given as: 


ret a Tint a C (1) 


but typically, because of the influence of air, the 
equation Is: 


Qnet a Raa mm 


Calculating the Radiator’s Temperature, 1’ 


Ne CTs 7 ek (21) 


The following calculation examples will cover 
three conditions of the radiator’s temperature: 


1) a radiator at ambient temperature (when no 
radiant cooling effect materializes because 
the ambient air can be used directly without 
the radiator); 


2) a radiator at stagnation (no cooling used); 


3) in use, when ambient air is drawn under the 
radiator and cooled to a lower temperature. 
The radiator’s average temperature is as- 
sumed halfway between the ambient air and 
the stagnation temperature. This assumed 
temperature is arbitrary but represents. real- 
istic conditions obtained in experimentation. 


Assumed conditions for the calculations include: 
@ clear sky; 

@ ambient air temperature, T, = 20°C 
e dew point, Tap = 10°C (50°F); 

e light wind, about V= 2 m/sec (4.7 mi/h); 


@ radiator’s temperature depression, when used, 
equals one-half of stagnation depression. 


(68°F); 


Equations for basic calculations (in SI units): 


Tay: =. Ts — (19 200.3641), (6b) 
Ree = 5:11 (Ty —/T,), foran. exposed: suriace 
Rae = 0.7 5:11 (DE —T,), for: acsurfacévindes 
polyethylene, (9c) 
he = 11 for an exposed radiator, and 4 W/m*°C 
for a screened one (1.9 and 0.7 Btu/ft? h °F). 


Sample Heat Balances for a Nocturnal 
Radiator Under Various Conditions 


@ Exposed ordinary radiator at ambient tempera- 
ture: 
Ae FS 94 Vy Gp 
radiant heat loss = 70 W/m?; 
convective heat gain = 0; 
utilized cooling = 0. 


e@ Exposed radiator under stagnation: 
T,= 14°C, from experimental data; 
radiant heat loss = 64 W/m2?; 
convective heat gain = 64 W/m2; 
utilized cooling = 0. 
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@ Exposed radiator in use: 
eee (or ben LOG. 
radiant heat loss = 67 W/m2; 
convective heat gain = 33 W/m2; 
utilized cooling = 67 — 33 = 34 W/m2. 
@ Screened ordinary radiator at ambient temper- 
ature: 
transparency = 75%; 
Ty= 20°C; 
radiant heat loss =0.75= 52W/m2; 
convective heat gain = 0; 
utilized cooling = 0. 


e Screened ordinary radiator under stagnation: 
T,= 9°C, from experimental data; 
radiant heat loss = 45 W/m2; 
convective heat gain = 45 W/m2; 
utilized cooling = 0. 


e Screened ordinary radiator in use under two 
conditions: 
1) When T, = 17°C 
radiant heat loss = 50 W/m2; 
convective heat gain = 12 W/m; 
net cooling = 38 W/m2; 
2) When T= 14.5°C 
radiant heat loss = 48 W/m?; 
convective heat gain = 22 W/m?; 
net cooling = 26 W/m2. 


The above calculations indicate that even with- 
out condensation (which nullifies the effect of the 
IR transparent windscreen), the effect of the 
screening on the useable radiant cooling is very 
small (when the radiator’s temperature is kept at 
the same level as the exposed one) or even nega- 
tive, when the radiator’s temperature is lower. 

It should be pointed out, however, that under 
stronger winds the relative performance of the 
screened radiator would be better, although the 
net cooling of both radiators would be smaller. 


The results of the experimental data and the cal- 
culations may suggest far reaching implications for 
the application of convection suppression by IR 
transparent screens, as well as for the use of IR 
selective surfaces (to be discussed later). 

The fact that even in arid regions like Sede 
Boqer condensation has negated the effect of the 
polyethylene on most of the summer nights may 
suggest that in more humid climates the practical- 
ity of using IR transparent screens is even more 
questionable. 

Although from the physicist’s viewpoint, and in 
laboratory and simulation studies, IR transparent 
windscreens seem to enhance the obtainable ra- 
diant cooling, there are some problems related to 
its application which may further reduce the effi- 
ciency of a polyethylene windscreen. In many 
cases even its desirability may be questionable. 

Whenever the storage mass itself (e.g., a con- 
crete roof or a roof water pond) is cooled at night, 
its temperature during most of the night is usually 
above the ambient air. 

When a specialized radiator is being cooled at 
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night by IR radiation its temperature is usually be- 
low that of the ambient air and an IR transparent 
windscreen may improve its performance. How- 
ever, even in this case a distinction should be made 
between the laboratory case of a stagnant radiator 
and the situation when radiant heat loss from the 
radiator has to be used to cool a building. When- 
ever the radiator is used to cool a heat transfer 
medium, either air or water, its temperature is 
higher in comparison with the stagnant situation 
and closer to the ambient air. Consequently, the 
effect of the windscreen on the convective heat 
gain decreases and the reduction in the emitted 
radiation becomes more significant. 


Another factor which may reduce the effective- 
ness of polyethylene windscreens is dust accumu- 
lation on the film. Polyethylene tends to exhibit 
static attraction of dust and, even without it, dust 
which ordinarily exists in the air may settle on the 
film and reduce its transmissivity. Furthermore, the 
dust particles may serve as nucleation centers for 
condensation, and thus enhance the formation of 
dew over the film. 

It should also be pointed out, in summary, that 
the provision of a polyethylene windscreen in a 
full-scale building (or specialized radiators) in- 
creases greatly the cost of the cooling system due 
to the support and tensioning requirements. In 
reality there is aquantum jump in the cost of aradi- 
ator when an exposed one is transformed into a 
screened one. This factor may determine the eco- 
nomic viability of the system. 


SELECTIVE LONGWAVE RADIATORS 


To maximize the net longwave radiant heat loss, 
the radiative surface theoretically should reflect 
away the incoming atmospheric radiation (from 
the water, carbon dioxide, and the dust particles in 
the air) while emitting strongly at the longwave 
spectrum of the atmospheric window. 

An ideal longwave radiator should have high ab- 
sorptivity (and, therefore, high emissivity) in the 
8-13 wave band and high reflectivity (and, there- 
fore, low absorptivity) above and below this band. 
In particular, it would be desirable to have a surface 
with high reflectivity also in the solar spectrum (0.4 
to 3.0 microns) so that radiant cooling will continue 
also during the daytime. Theoretical discussion of 
the potential for radiant cooling which can be ob- 
tained by a selective surface was presented by 
Catalanotti, et al.13 The selective surface consisted 
of an aluminum layer evaporated on to a 0.1-mm 
Tedlar sheet, adhered to the aluminum radiator. 
A windscreen of thin polyethylene film minimized 
the convective gain. A stagnation temperature de- 
pression of about 12°C (21.6°F) was recorded. Day- 
time radiative cooling, with the radiator shaded 
from the direct solar radiation, yielded tempera- 
ture depressions of up to 15°C (27°F). Selective 
surfaces with similar properties are being devel- 
oped. 
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Experimental comparisons of the radiant cooling 
obtainable by a graybody emitter and a selective 
emitter has been done by Mitchell in Australia, '4 by 
Sakkal, Martin, and Berdahl of the Lawrence Berke- 
ley Laboratory,'5 and by Miller and Bradley of the 
Desert Research Institute in Nevada,'® and by Lan- 
dro and McCormick in Australia.'” 


Results of Experimental Studies 


Mitchell'4 reported an extensive series of experi- 
ments which were carried out at the Common- 
wealth Scientific and Industrial Research Organiza- 
tion (CSIRO) in Australia in which the performance 
of radiators with various selective surfaces was 
measured. The radiators were either exposed to 
the sky or shaded from the sun. Shading was pro- 
vided by a sheet of insulation mounted with a tilt 
of approximately 70° facing south (in the Southern 
Hemisphere). The inner layer of the shade was 
lined with bright rolled aluminum foil. In this way 
the radiating surface was shaded from the sun most 
of the daytime hours while “seeing” the sky. The 
surfaces tested as radiators included: 


® anodized aluminum of 4 and 10 microns; 
@ aluminum with sodium silicate layer; 

@ aluminized Tedlar sheet; 

@ white paint; 

@ black paint. 

In addition, several types of plastic sheets were 
tested for their IR transmission for evaluation as 
windscreens. The radiators were placed near the 
top of an insulated box and protected by a wind- 
screen of polyethylene film. 

The diurnal patterns of the radiator’s surface 
temperature were measured and the temperature 
difference with respect to the ambient air com- 
puted and plotted. All tests were conducted under 
stagnation conditions. 

No data on the meteorological conditions dur- 
ing the tests were given in the report (wet bulb 
temperature, wind) except for general comments 
on cloudiness. Nevertheless, the results enable 
general evaluation of the performance of the se- 
lective surfaces compared to ordinary black and 
white paints. In particular, as anodized aluminum 
was compared in many tests to other surfaces on 
the same days, the differences in temperature de- 
pressions between anodized aluminum and the 
other surfaces can serve as a basis for a more gen- 
eral evaluation. 

At night the temperature depression of the ano- 
dized aluminum radiator without shading ranged 
from about 6° to 10°C (10.8° to 18°F). During the 
day the temperature elevation of the radiator, 
above ambient air, ranged from 15° to 20°C (27° 
to 36°F). 

At night the temperature depressions of the ano- 
dized aluminum radiator with fixed shading and 
viewing the sky (directly and via a reflector) were 
around 7°C (12.6°F). During the daytime hours the 
radiator’s temperature was most of the time about 
2° to 3°C (3.6° to 5.4°F) below the ambient air. 
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No difference was found between anodizing thick- 
nesses of 4 and 10 microns. 

At night the temperature depression of the 
aluminum radiator with sodium silicate and shad- 
ing was about 4°C (7.2°F). Thus, it is less efficient 
than anodized aluminum. 

The temperature depression of the aluminized 
Tedlar radiator with shading was about 6°C (10.8°F) 
at night, the same as that of anodized aluminum 
under the same climatic conditions. Thus, it seems 
that the two surfaces have about the same effi- 
ciency as longwave radiators. 

At night the temperature pattern of a radiator 
painted black and without shading was the same as 
that of anodized aluminum, both with a depression 
of about 8.5°C (15.3°F). Therefore, the spectral 
selectivity of anodized aluminum did not resultina 
higher total radiant heat loss. This point is discussed 
further later on. 

The temperature depression of a_ radiator 
painted white and with shading at night was about 
6°C (10.8°F). No direct comparison with another 
surface was reported. 

The experimental study of Sakkal et al.'5 at 
Berkeley consisted of exposing two horizontal 
plates covered with polyethylene windscreens to a 
clear night sky and allowing them to cool down 
until equilibrium temperature was achieved. The 
graybody emitter was an aluminum plate, 0.8 mm 
(0.03 in.) thick, painted white. 

During the experimental comparison the am- 
bient air temperature was 12.5°C (54.5°F) and the 
dew point 8°C (46.4°F). 

The white radiator was cooled to an equilibrium 
temperature of 3.5°C (38.3°F) while the selective 
emitter reached 3.3°C (38°F). Thus, the stagnation 
temperature depression with both surfaces was 
about 8.5°C (15.3°F). When the temperature de- 
pression of the radiators below ambient air was less 
than 5°C (9°F), the ordinary surface actually cooled. 
down faster than the selective one. Only at tem- 
perature depressions of more than 5°C (9°F) 
did the selective surface attain a somewhat lower 
temperature than the ordinary surface. The actual 
difference between them was negligible. 

From the results of this experiment, the added 
efficiency of this selective emitter as compared to 
an ordinary painted aluminum plate was negli- 
gible. Another observation in this experiment was 
the condensation of dew on the upper surface of 
the polyethylene windscreen. 

In the study of C. Miller’® at the Nevada Desert 
Research Institute, the performance of ordinary 
surfaces (painted black and white) was compared 
to that of a selective surface made of anodized 
aluminum. At night, with still ambient air temper- 
ature of 5°C (41°F), the selective surface reached a 
stagnation temperautre of -12°C (10.4°F), the white 
surface reached -11°C (12.2°F), and the black sur- 
face about -10°C (14°F). 

Also, in experiments which were reported by 
Kruskopf et al.'® from Lawrence Berkeley Labora- 
tory where the performance of an aluminized PVF 
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was compared with that of white paint, very little 
difference was observed when the surface temper- 
atures were about 6°C (10.8°F) below ambient air. 
The comparison was less favorable at higher radi- 
ator’s temperatures. 

Landro and McCormick” compared the radiant 
heat loss from a radiator painted flat black and a 
radiator made of aluminized PVF, under clear sky 
conditions. The regression lines of their measured 
results, expressing the radiant cooling (RC) as a 
function of the temperature difference between 
ambient air, T., and the radiator, T,, (calculated by 
the author of this paper) were: 

@ for the black radiator: 
Rie Ue Ola Tee W ii (28.5 L064 
(T., — T,) Btu/ft* h°F:) 

e for the selective (PVF) radiator; 

RGweaeo 1.7 las sely)y) WM (20.4 1.0 

(T, — T-) Btu/ft? h°F.) 

They also gave results of the radiant heat loss 
from the aluminized PVF under different absolute 
humidities, ranging from 8.7 to 11.6 gr/m:3, at con- 
stant ambient temperature (292 K), and under dif- 
ferent ambient temperatures, ranging from 288 K 
to 303 K at constant absolute humidity (8 gr/m3). 

All these data were obtained with radiators 
screened by a thin polyethylene film, apparently 
without any dew formation over the polyethylene 
film. 


Evaluation of the Performance 
of Selective Radiators 


The results of all the studies mentioned above 
have demonstrated that, with the selective sur- 
faces tested, no distinct advantage was observed 
in their radiant cooling potential over radiators 
with ordinary surfaces. 

Taking into account the fact that the small 
effects of selectivity were obtained in all these 
studies under stagnation conditions, without any 
use of the cooling, the practicality of using 
selective surfaces (which always will be more 
expensive than ordinary surfaces) is questionable, 
at least in the present state of the technology of 
these surfaces. 

When the radiating surface temperature is 
closer to the ambient air, as is usually the case 
when the roof itself serves as a combined radiator 
and cold-storage element, a selective radiator 
might even be less effective than an ordinary 
surface. 


Another point which should not be overlooked 
is the probable effect of condensation on the per- 
formance of selective surfaces. The lower temper- 
ature attained by such surfaces may increase the 
likelihood of condensation over the selective sur- 
face itself. However, once the selective surface is 
covered by a water film it may lose its selective 
radiative properties. This point deserves experi- 
mental examination. 

As research on the development of new materi- 
als for selective surfaces continues, it may be that 
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eventually materials with performance closer to 
the ideal one will be available. 


Additional Notes on Selective Surfaces 


The disappointing results concerning the effect 
of selective surfaces on the performance of long- 
wave radiators, which were obtained in practically 
all the studies where selective radiators were com- 
pared with ordinary ones, may suggest that some- 
thing was wrong with the basic assumptions. 

The concept that a selective radiator has an ad- 
vantage over an ordinary one is based on the as- 
sumption that the intensity of the atmospheric 
back radiation, in the spectral regions below 8 
microns and above 13 microns, is higher than the 
radiation emitted by an ordinary surface in these 
spectral regions. This situation can occur only 
when the sky temperature is higher than that of 
the ordinary radiator. As long as the radiator’s 
temperature is higher than that of the sky, the 
emitted radiation (in the absence of any solar radi- 
ation) will exceed that of the atmospheric radia- 
tion at all wavelengths. 

Therefore, a selective radiator can have an 
advantage over an ordinary one only when its 
temperature is actually lower than the effective 
sky temperature. This means that the depression 
of the radiator’s temperature below ambient air 
must be greater than the difference between the 
ambient air and the sky temperatures for the 
selective radiator to be advantageous. 


Such conditions may occur very rarely, even 
under stagnation conditions, when there is strong 
temperature inversion near the ground. However, 
when the radiator is used (e.g., by blowing air to 
be cooled under it), its temperature is higher than 
that which occurs under stagnation with the same 
meteorological conditions. In most likelihood, the 
radiator temperature, when used, will be closer to 
the ambient air temperature. 


It may very well be that an inexpensive ordinary 
radiator might out-perform the more expensive 
selective one. Only experiments where a selective 
radiator is compared directly with an ordinary one 
under cold use conditions can resolve this 
question. 

One of the reviewers of this article has made a 
comment disagreeing with this point. He has 
stated: 

Sky temperature is defined as the tem- 
perature of a horizontal blackbody sur- 
face in radiative equilibrium with the 
sky. Under such conditions the radiator 
experiences a net outward flux (radia- 
tive loss) in the spectral region between 
8 and 13 microns, and an inward flux 
(radiative gain) outside this range of 
wavelengths such that the loss equals 
the gain. It is not always true that the 
emitted radiation will exceed that of 
the atmospheric radiation at all wave- 
lengths when the radiator exceeds the 
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sky temperature. This is true only if the 
radiator temperature exceeds the am- 
bient air temperature. Selective emit- 
ters are in principle advantageous at all 
radiator temperatures below that of the 
ambient air. 


This comment is of basic theoretical importance 
in understanding the spectral nature of radiant 
cooling. If this is true then it follows that a vertical 
radiator, which “sees” the earth and the lower 
layer of the atmosphere, which emits most of the 
atmospheric radiation below 8 microns and above 
13 microns, will have no net radiant loss. 

However, in previous experiments by the 
author," as well as an experimental study on radi- 
ant cooling to be reported in a subsequent paper, 
temperature depressions measured on vertical or- 
dinary exposed radiators amounted to about 40% 
of the temperature depression of a horizontal 
radiator at the same time. 

Thus, it seems that this point of discussion 
deserves a detailed experimental/spectral inves- 
tigation to clarify it. 


DESIGN ISSUES AND APPROACHES IN 


RADIANT COOLING USE 


The issues related to the design and application 
of cooling systems using nocturnal longwave ra- 
diation include several decisions: 

1) to either apply direct cooling of a cold storage 
mass (usually the roof) or to cool a specialized 
lightweight and insulated radiating surface in 
contact with a heat transfer medium (air or 
water); 

2) to select the type of radiating surface: either an 
ordinary (gray radiator) or a selective one; 

3) to use or omit a convection suppression layer 
(usually a polyethylene film); and 

4) to determine the suitability of radiant cooling 
under different climatic conditions and build- 
ing types. 

Some of the problems involved in applying dif- 
ferent options to these design issues are discussed 
below. 


Direct Cooling of the Cold-Storing Mass 


Direct cooling of the cold-storing mass, by ex- 
posing it to the sky during the night while protect- 
ing it from the sun and the hot ambient air during 
the daytime, can be achieved in two ways: 

1) by application of an operable insulation so that 
the roof itself (or a water pond above the roof) 
is exposed to the sky during the night and in- 
sulated during the daytime; and 

2) by pumping water over the roof to create a 
pond above an insulating layer to be cooled 
during the nighttime, and draining the water 
below the insulating layer (but above the roof 
itself and in thermal contact with it) during the 
daytime. 
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Operable insulation can be in the form of hori- 
zontal movable panels (as in the Skytherm system) 
or hinged panels which are positioned vertically 
during the night so as to expose the roof mass 
below. These hinged panels should be covered on 
both sides with a reflective layer (e.g., aluminum 
foil) so that the radiation emitted in an oblique 
direction will be reflected toward the sky. 


Horizontally movable panels require an area at 
the roof level for their storage while the roof is 
exposed. The area allocated to this function may 
take about one-quarter of the roof area and the 
area itself cannot be cooled by radiation. In small 
buildings the garage or a porch area can be allo- 
cated for the storage of the panels when the roof 
is exposed. In large buildings, an area has to be set 
aside for this function. Hinged panels, on the 
other hand, can expose effectively the whole roof 
area when in a vertical position. Although physi- 
cally they cover an area corresponding to their 
thickness (about 5 to 10% of their height), it is 
possible to minimize this blocking effect by cover- 
ing the two sides of the panels with a reflective 
layer (e.g., aluminum foil). Experiments by the 
author have demonstrated that with reflective ver- 
tical panels the roof effectively is exposed to the 
whole sky vault: the radiant cooling from a com- 
pletely exposed roof and from a roof with such re- 
flective panels above it was practically the same. 
Consequently such hinged panels seem more suit- 
able than horizontal movable insulation for large 
buildings. 


When the storage mass (the roof itself, a water 
pond, or pumped water) is cooled directly by out- 
going longwave radiation, the temperature of the 
radiating body is higher than is the case with radi- 
ation from lightweight and insulated specialized 
radiators. The minimum temperatures which are 
attained by direct radiation are not as low as those 
of specialized radiators, but more heat is lost by 
radiation and more cold thus can be stored. The 
ceiling of the radiating roof can serve directly as a 
cooling panel and a heat sink for the space below 
it, and, thus, there is no need for heat exchangers. 


Using the roof (or a water pond above it) as a 
longwave radiator and for cold storage with day- 
time insulation enables it to achieve temperatures 
well below the daytime outdoor air. Table 5 illus- 
trates the typical results obtained in test cells at 
the Institute for Desert Research of the Ben- 
Gurion University in Israel.19 


It is of interest to note that although the experi- 
ments were carried out in a desert and the water 
pond was exposed from sunset to sunrise, almost 
no observable net evaporation took place and the 
water level remained constant over several weeks. 
In fact, on most nights water evaporated until 
about midnight, but afterwards the water tempera- 
ture dropped below the dew point with the result 
that condensation took place, balancing the pre- 
vious evaporation. 
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Radiant Cooling by 
a Specialized Radiator 


Instead of cooling the mass of the storage itself 
by outgoing longwave radiation, it is, of course, 
possible to cool a specialized longwave radiator to 
temperatures below those attainable when the 
storage mass is cooled directly. The radiator 
should be lightweight and insulated underneath 
to obtain rapid cooling without heat flow to the 
radiator from the roof below. 

A heat transfer medium (air or water) flowing 
above, under, or within the radiator is cooled. The 
temperature to which the heat transfer medium 
can be cooled is always higher than the stagnation 
temperature of an unused radiator. The higher the 
flow rate of heat transfer medium per unit area of 
the radiator, the smaller the temperature depres- 
sion of the heat transfer fluid below its initial tem- 
perature. Thus, there exists an inverse relationship 
between the flow rate and the temperature de- 
pression of the heat transfer medium. 


Air Cooling 


When the medium is outdoor air which flows 
under the nocturnal radiator (insulation prevents 
heat flow to the air stream from below), then the air 
temperature will gradually approach the stagna- 
tion temperature. If the stagnation temperature of 
the radiator is Tstag, its length |, and the flow rate 
per m? of radiator is F, then the air outlet tem- 
perature, Tout, will be: 

—kF 


erste Hal (Nancy Uatan) fetes (ye) >> (22) 


The value of k depends on the ratio of the co- 
efficients of heat transfer between the radiator 
and the ambient air, hou: and between the radiator 
and the air flowing under it, hin. It can be deter- 
mined experimentally. 

In practice it means that the higher the velocity 
of the cooled air at a given flow rate (e.g., by de- 
creasing the depth of the stream) relative to the 
ambient wind speed, the more efficient the cool- 
ing system. On the other hand, a higher velocity for 
a given flow rate requires more fan power to pro- 


duce the required air flow. When the heat transfer 
medium is water then the inlet water temperature, 
Tin, should be substituted for Ta in the above 
formula. 

The cold which is delivered from the radiator to 
the heat transfer fluid has to be transferred again to 
a thermal storage mass. When the heat transfer 
medium is air, then it is usually blown through a 
rock bin to cool the rocks. The cooled rocks are 
later used as a heat sink for the heat from the 
building during the following day by circulating 
the indoor air through the rock bin. In this way the 
rocks serve both as a storage mass and as a heat 
exchanger. 

When water is used as the heat transfer medium 
it can be used also as the cold storage mass. How- 
ever, with a water cold storage there is a need for a 
specialized water-to-air heat exchanger in order to 
cool the building. There is a temperature dif- 
ference between the water in the storage and the 
cooled air, which in turn cools the building. In 
many cases the temperature of the water may be 
too high for the use of a heat exchanger. Conse- 
quently, air systems seem more suitable than water 
systems when specialized radiators are used. 


Cooling of water by nocturnal radiation can be 
accomplished by the application of unglazed solar 
water heaters. During the night, the solar panels 
are cooled by the outgoing radiation to a tempera- 
ture which is lower than the ambient air. The water 
flowing through the panels is also cooled down, 
and subsequently can be used for cooling build- 
ings. 

The temperatures attainable by radiant cooling 
usually are too high for application of conventional 
heat exchangers, such as fan coils. One possibility is 
to use them in cooling concrete floors, which then 
serve as combined cold storage and radiant convec- 
tors cooling panels. Such a system was applied in 
Davis, California, in the Trident Energy Systems, as 
reported by B. Juchau.”° 

In this system, water is cooled at night while 
flowing through unglazed solar collectors. The 
water circulates by polybutylene tubes embedded 
in the concrete floor. The concrete floor, in turn, 


Cooling Performance of Roof 











English (°F) Metric (°C) 
Minimum Maximum Minimum Maximum 
58 80.6 Outdoor air 14.5 27.0 
Roof 10cm concrete: 
53.6 66.7 roof surface 42.0 19.3 
57.2 70.3 indoor air 14.0 21.3 
Roof 4.5-cm concrete 
covered by water pond: 
53.6 65.3 roof surface 12.0 18.5 
56.3 69.0 indoor air 1 Polls 20.5 





Table 5: Some typical results are shown from test cells at The Institute for Desert Research at The Ben-Gurion University 
in Israel. Using the roof (or water pond above it) as a longwave radiation radiator and for cold storage with daytime 
insulation enables it to achieve temperatures well above the daytime outdoor air. 


Vol. 1, No. 3: Summer 1982 


147 


serves as a heat sink during the day. 

The effect of nocturnal radiant cooling of the 
floor was evaluated under two conditions: one 
week with natural ventilation at night, and another 
week without night ventilation. The temperature 
in the house cooled by the radiant floor was about 
2°C lower than in a similar control house. This 
cooling effect was delivered at an average energy 
efficiency ratio (EER) of 7.4 (with night ventilation) 
and an EER of 9.7 (without night ventilation). 


Proposed Scheme for a Building 
Cooled by Nocturnal Radiation 


Considering the application problems and cost 
of selective surfaces and of windscreens, it is the 
opinion of the author that, at least in the present 
state of the relevant technology, exposed ordinary 
radiators are the only ones suitable for immediate 
application. 

Any metallic deck placed a few centimeters 
above an insulated, nearby, flat roof, can serve as 
the radiator. It should be painted to provide it with 
a high emissivity. The expected temperature de- 
pression of the radiator, under stagnation con- 
ditions, would be from about 4° to 5°C (7.2° to 9°F) 
(in humid regions) to about 6° to 7°C (17° to 12.6°F) 
(in desert regions). 

Assuming the conditions for an exposed radiator 
in use, the utilized radiant cooling would be about 
34 W/m? (10.8 Btu/ft2h). With an air flow rate, F, 
of 30 m3/h per one m2 of the floor area (3,000 m3/h 
for a building of 100 m2 and net volume of 250 m3), 
the temperature depression of the air would be 
about 3.8°C (6.8°F) below the ambient night tem- 
perature. If this cooled air is used to cool the build- 
ing by ventilation, the air change rate would be 
(3,000/250 = 12 air changes per hour, quite ade- 
quate for ventilation cooling. 


It would be of interest to compare this radiant/ 
convective cooling with pure convective cooling 
by ambient night air. Typical differences between 
the indoor air and the outdoor air at night, in build- 
ings which are ventilated at night, are about 3° to 
4°C (5.4° to 7.2°F). As the temperature depres- 
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Figure 5: Warm indoor air can 
be exhausted when air is 
forced under the radiator, into 
the building, and then out 
again through a chimney. The 
air flow may be induced either 
by wind force or a fan. 
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sion of the air cooled by nocturnal radiation is also 
about 3° to 4°C (5.4° to 7.2°F), it means that the 
radiant cooling can double the net convective 
cooling achieved by nocturnal ventilation. 

In regions where night winds with a known di- 
rection are available in summer, it is possible to 
induce the air flow under the radiator and through 
the building by the wind force, augmented by the 
thermosyphonic effect. This can be achieved by 
providing an air inlet, for the flow under the radia- 
tor, facing the prevailing night air. The wind then 
can force the flow under the radiator and into the 
building (e.g., through a small covered courtyard). 

Warmer indoor air can be exhausted through a 
chimney, assisted by outlet details which produce a 
venturi suction effect, so that the same wind force 
produces pressure at the inlet to the nocturnal 
radiator and suction at the outlet for the indoor air. 

In regions lacking persistent night winds, the air 
flow can be induced, of course, by a fan. Ascheme 
of the system is shown in Fig. 5. 

The color of the radiator (white or dark) does not 
affect its performance as a nocturnal radiator. Its 
choice would depend on whether or not it is in- 
tended for use in winter as a preheater of air ina 
solar space heating system. If winter heating is not 
contemplated, then the preferred color would be 
white, to minimize the heat load on the building. If 
winter heating is contemplated, then the color of 
the radiator would be dark, so it could serve as an 
exposed solar air heater. 

Although the efficiency of an exposed horizon- 
tal solar collector is rather low, in many places it can 
provide very effective preheating of the ventilation 
air, which can then further be heated by glazed, 
vertical, or inclined solar air collectors. 


CONCLUSION 


From the theoretical analysis and the experi- 
mental studies summarized above, it is possible to 
estimate the performance which can be expected 
from various systems using nocturnal radiation as 
the cooling source. 
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Systems which directly cool the cold-storing 
mass (the roof itself or a roof water pond) operate 
generally at temperatures which are above the am- 
bient night temperatures. As a result, they can use 
the whole radiant cooling effect together with 
some convective cooling. The total heat loss by 
such systems, over 10 hours of a night, can be about 
1,000 W/m2 night (about 320 Btu/ft? night) in arid 
regions, and about half that in humid regions. In 
such systems, the roof is made of conductive ma- 
terials (concrete or steel) so that the ceiling acts as 
a radiant/convective panel for the space below. A 
temperature gradient of 2° to 3°C (3.6° to 5.4°F) 
between the ceiling and the indoor air tempera- 
tures is usually sufficient to provide the necessary 
cooling effect. In addition, the roof (or the pond) 
provides the thermal storage. However, an integral 
component of such systems is usually some form of 
movable insulation, so that the radiating surface 
is not exposed to the sky during the day. Existing 
systems of operable insulation are expensive and 
may require maintenance. Consequently, systems 
which directly cool the roof or a water pond are 
also expensive at present. 

On the other hand, simple inexpensive systems 
exist which use nocturnal longwave radiation to 
cool the ambient night air for building ventilation. 
Just putting a metallic deck over an insulated roof, 
or using metal plates as the roof cover layer itself, 
can provide the nocturnal radiator. When outdoor 
air is blown under such a metallic deck it can be 
cooled by about 2° to 4°C (3.6° to 7.2°F) below 
the ambient temperatures in humid or arid re- 
gions, respectively. 

When the cooling is required mainly during the 
evening and the night hours (e.g., in many residen- 
tial buildings), such systems can provide the cooling 
effect at relatively modest cost. If the building has 
high heat capacity and is well insulated, it is pos- 
sible also to use the cooled air for cooling the struc- 
tural mass thus storing the night cold for the next 
day. 

However, when specialized storage is required, 
such as a gravel bin, the usefulness and economic 
viability of radiant cooling may be questionable, 
especially in humid regions. 

Concerning the selective surfaces and polyethy- 
lene windscreens, it is the opinion of the author 
that, with the present state of the relevant tech- 
nology, there is no justification for their applica- 
tion, either on the basis of energy performance or 
cost. It seems that at present the use of ordinary 
low-cost materials for the radiating elements is the 
most reasonable approach. 


It should be pointed out that existing mathemat- 
ical models developed for predicting the perfor- 
mance of radiant cooling systems did not take into 
account the effect of the dew formation on the 
performance of the radiator. Furthermore, the ex- 
isting models deal only with stagnation conditions 
and do not take into account the performance of 
the system when it is used. More theoretical work 
is required to take the above factors into account 
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in predicting the performance of radiant cooling 
systems. 


PROPOSED DIRECTIONS FOR 
FUTURE RESEARCH 


In view of the higher performance of systems 
which directly cool the cold-storing mass and the 
present high cost of operable insulation which is 
presently essential for such systems, it seems to the 
author that research for using nocturnal radiation 
for cooling should be in developing systems with 
fixed insulation which can cool directly the cold- 
storage mass. 

Another direction should be the development of 
inexpensive operable insulation for flat roofs or 
water ponds. 

If any of these directions would yield satisfac- 
tory results, nocturnal radiation could provide ef- 
fective cooling for single-story buildings in most 
climatic regions. 
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BUILDING EVALUATION 


Figure 4: A southeast view of the Mastin house shows the solarium exterior and massive roof glazing. 
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A Thermal Performance Evaluation 





By RALPH F. JONES and GERALD DENNEHY 
/, Upton, New York 11973 


B 


Vol. 1, No. 3: Summer 1982 





rookhaven National Laborato 


ABSTRACT 


An evaluation is made of the thermal per- 
formance of a double-envelope house of 
Ekose’a design built by Robert Mastin in 


Middletown, Rhode Island. The home has 
two shells with an air space between 
through which air can circulate. Monitoring 
of the house in the heating season showed 
that the requirements for auxiliary heat are 
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very low, about 2.1 Btu per square foot of 
floor space per Fahrenheit degree-day (43 
kJ/m?2 °C-DD). Design changes are identi- 
fied which could reduce the heating re- 
quirement even further. This ranks the 
house among the most energy-efficient 
building designs available today. It is con- 
cluded that the low heating needs of the 
house are due primarily to the excellent in- 
sulative value of the double shell. 
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Figure 2 (below): Asectional 
view of the Mastin house 
shows the relationship of the 
inner and outer shells. 


Figure 3 (at right): The bal- 
cony into the solarium from 
the second floor can be 
seen at the back of the inter- 
ior view above. 
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INTRODUCTION 


The ‘“‘double-envelope house” has received alot 
of attention in the last few years. It is also referred 
to as “‘double-wall,” “double-shell,” ‘thermal 
envelope,” “air envelope,” “buffering air enve- 
lope,” or simply ‘envelope house.” If the word 
“envelope” is taken to mean “‘shell,”’ then “double 
envelope’ is amore accurate description than “‘en- 
velope.” Those using the term envelope house ap- 
parently consider the air space between the shells 
to be an envelope. 

Whatever it’s called, the design is basically a 
house within a house. Typically, a double-enve- 
lope house is one with an inner and outer roof, two 
walls on the north side, an attached sunspace on 
_ the south side, and a crawl space below the base- 
ment. Both shells are insulated. Air is presumed to 
flow through these spaces in what has been called 
a ‘convective loop.” Articles on double-envelope 
houses have appeared in trade journals and news- 
letters, popular magazines, and major city and lo- 
cal newspapers. Most articles emphasize the claim 
that these houses can be heated by the sun, the 
earth, and the heat given off by occupants, appli- 
ances, anda fireplace, and require no conventional 
heating system. 

Several hundred double-envelope homes have 
been built or are under construction around the 
country. One of the first architects to market the 
concept successfully is Lee Porter Butler. His firm, 
Ekose’a, located in San Francisco, has designed 
over 100 double-envelope homes to date, includ- 
ing one built by Robert Mastin in Middletown, 
Rhode Island. 

Brookhaven National Laboratory (BNL) made 
preliminary experimental measurements at the 
Mastin house in January, February, and March 
1980. This article provides an analysis of the data 
taken during that winter period and during subse- 
quent short-term testing. The Mastin house was 
recommended to BNL for evaluation in consulta- 
tion with Lee Porter Butler, who felt it was generally 
representative of Ekose’a designs in its thermal per- 
formance. The proximity of the house to BNL was 
also a factor in the choice. Butler cooperated in the 
preparation of the study by providing background 
information and drawings of the Mastin house. 


DESCRIPTION OF THE HOUSE 


The Mastin house is a double-envelope design 
with relatively traditional Cape Cod styling (except 
for the south elevation) built in Middletown, 
Rhode Island, in late 1978 and early 1979. The house 
has three stories including basement, with approx- 
imately 2,000 ft2 (186 m2) of living area, or 2,600 ft? 
(242 m2) including the solarium and its space be- 
low. The top floor holds two bedrooms and a bath- 
room. On the main level an open space comprises 
living, dining, and kitchen areas. There is also an 
air-lock foyer and a bathroom. Both the top and 
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main floors face the two-story solarium to the 
south. The solarium floor consists of 2 x 4 in. (50 x 
100 mm) wood decking with 3/16 in. (4.8 mm) slots 
between boards. On the second floor, a balcony of 
similar construction projects into the solarium. The 
lower, or basement, floor contains a bedroom 
(which Mastin uses as an office), a bath, an all-pur- 
pose family room, a utility room, and an unas- 
signed space under the solarium floor. All floors 
are accessible to the others through a large, central 
stairwell. Sliding doors on the main floor and in 
one of the bedrooms on the upper floor permit 
opening the inner space to the solarium. There is 
an attached garage on the east side. 


A photograph of the southern elevation of the 
house appears in Fig. 1. The house is shown in 
cross section in Fig. 2, with the convective loop 
space shaded. Figure 3 provides a view of the main 
level in the solarium and the balcony extending 
from the upper level. Construction details of the 
north wall are shown in Fig. 4. 

The Mastin building site is relatively flat with a 
view of the Atlantic Ocean to the south. The loca- 
tion is approximately 41° 30’ north latitude and 
71° 15’ west longitude with about 5,800 heating 
degree-days, base 65°F (3,220 °C-DD, base 18°C). 
Nearby Narragansett Bay and the Atlantic Ocean 
raise winter temperatures enough that many 
storms precipitate rain rather than snow. Sea 
breezes cool the summers, and dense fogs occur 
often in both summer and fall and occasionally in 
winter. The mean daily solar radiation is approxi- 
mately 300 Langleys or 1.1 x 103 Btu/ft2 (72.5 MJ/m?) 
on an annual basis. 

The house is of frame construction with single 
walls of 2x 6in. (50 x 150 mm) studs, insulated with 
R-19 fiberglass batts on the east and west. The dou- 
ble north wall is constructed of 2x 4in. studs on the 
inside and 2 x 6 in. studs on the outside, (50 x 100 
mm and 50 x 150 mm), with a clear air space of 8 in. 
(200 mm) between. Fiberglass batt insulation is R-11 
(Rsi-1.9) on the inside and R-19 (Rsi-3.3) on the out- 
side. Kraft paper on the batts is used as a vapor re- 
tarder, oriented towards the warm side. The top 
floor ceilings (the floor of the attic) are insulated 
with R-11 (Rs-71.9), and the roof (or attic ceiling) is 
insulated with R-19 (R</-3.3). The roof and exterior 
walls are sheathed with plywood over which as- 
phalt roof shingles or cedar shingles are applied. 
There is about 520 ft? (48 m2) of double-glazed 
south window area, two-thirds of which is on the 
45° roof. The other three elevations have minimal 
glazing. Urethane foam insulation is installed in 
the ground outside the foundation perimeter. The 
convective loop is 8 ft (2.4 m) wide in the solarium 
and 8 in. (200 mm) wide on the north side of the 
house. 

The double north wall is connected to a 12 in. 
(300 mm) high sub-basement crawl space through 
the utility room on the north. A 4 in. (100mm) con- 
crete floor slab was poured on the excavated sub- 
basement earth grade, and wood joists supported 
by 8 in. (200 mm) concrete block form the final 
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Figure 4: Construction details are visible in a section through the north wall. 
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structure for the finished floor above that crawl 
space. The basement wood floor joists are insul- 
ated with R-11 (R,)-7.9) fiberglass batts. 

Several of the appliances—an electric water 
heater, a freezer, a clothes washer, and a dryer— 
are located in the utility room, which is a part of 
the convective loop. There is no central heating 
system and no ductwork for air distribution. Two 
small electric baseboard heaters of 3,000 watts total 
capacity are installed on the lower level, however. 
(These were added by Mastin as a retrofit.) In addi- 
tion, there are two wood-burning fireplaces, which 
draw combustion air from the convective loop. 
Mastin installed a wood stove in the fireplace on 
the lower level after his first year in the house. 

For summer ventilation, a large louver is pro- 
vided at each end of the roof peak. These are 
hinged and can be opened and closed by a system 
of ropes. In addition, there is a 21 in. (533 mm) di- 
ameter metal cooling tube installed under the 
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Double shell Ekose’a house monitoring instrumentation. 
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north lawn with a riser to ground level near the 
property line. This tube goes through the founda- 
tion in the utility room. By opening a cover, air 
cooled by the ground can be admitted to the con- 
vective loop. 


THERMAL PERFORMANCE EVALUATION 


Scope of Analysis 


The decision to proceed with monitoring the 
performance of the Mastin house was made in De- 
cember 1979. Plans were made to proceed at once 
in order to obtain cold weather performance data 
during the winter of 1979-80. This decision dic- 
tated use of monitoring equipment already on 
hand, which consisted of data recorders of the type 
that provide printed records on paper tape. Be- 
cause the reduction of data recorded in this man- 
ner is very time consuming, continuous testing for 
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Figure 5: Instruments were located throughout the house as shown. 
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a long period was not planned. Short-term testing 
was scheduled for periods in January, February, 
and March 1980 to determine the extent to which 
the house required auxiliary heating in order to 
maintain comfortable indoor temperatures. The 
short-term test results were to be used to estimate 
the need for auxiliary heat over a full heating sea- 
son. After identifying the basic performance of the 
house in those terms, further tests were to be con- 
sidered to identify and analyze the contribution of 
individual features of the house, such as ground 
thermal coupling. 


Instrumentation Employed 


Instrumentation used in the initial monitoring 
included nine thermistors for temperature mea- 
surement, three recording hygrometers for rela- 
tive humidity, and two recording pyranometers for 
insolation on the horizontal plane. The location of 
this equipment in the house is shown in Fig. 5. 

A 1,500-watt electric heater with a wall-mounted 
thermostat was installed centrally on each floor. 
The precise wattage of each heater had been de- 
termined in the laboratory and the three heaters 
. were to be used as the sole source of auxiliary heat 
during the test periods. Three data loggers were in- 
stalled, one on each floor. Each data logger re- 
corded the readings of three of the thermistors at 
20-minute intervals, along with the number of sec- 
onds of operation of one of the heaters during the 
previous 20-minute period. A Fluke data logger 
was used for thermocouples which were installed 
later in the testing for monitoring temperatures 
in the slab below the house and in the cooling 
tube. 


Approach to Preliminary Testing 


During the winter test periods, the heater ther- 
mostats were set to provide anominal temperature 
of 65°F (78°C) on each level of the house at all 
times. By recording the “on time” for each heater 
during each 20-minute period, it was possible to 
determine reasonably accurately the kWh con- 
sumed and the amount of auxiliary heat required 
by the house. The electric consumption of the 
heater and its fan is converted to Btus at 100% effi- 
ciency. The procedure is called the electric coheat- 
ing method! of identifying a building’s auxiliary 
heating needs. 

The house was occupied during the test periods 
by Robert and Elizabeth Mastin. In double-enve- 
lope houses and other houses with a solarium, 
thermal performance depends on an interaction of 
the occupants with the building. During the heat- 
ing season, doors connecting the solarium to the 
inner space are normally opened on sunny winter 
mornings as soon as the solarium temperature ex- 
ceeds the temperature in the living space, typically 
between 9 and 11 a.m. Heat is then transferred 
from the solarium to the house by free convection. 
These doors are closed in the late afternoon when 
the solarium temperature drops to the house tem- 
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perature or when the indoor temperature has risen 
to a comfortable level. 

Since the primary purpose of the preliminary 
tests was to establish the amount of auxiliary heat 
required to keep the house comfortable during 
winter months, fireplaces were not intended to be 
used during the test period. Nevertheless, the Mas- 
tins used the fireplace a few times during the test 
period. The electric auxiliary heat was adjusted up- 
ward on the days when a fire was lit, as recorded in 
a detailed log he maintained, by the amount of 
heat estimated to have been provided by the wood 
fire. If the testing had not been performed, the oc- 
cupants would probably have met asignificant part 
of the auxiliary heating requirement during the 
test period by burning wood, as a matter of per- 
sonal choice. 


Observed Hourly Performance, 
January 20 to 26, 1980 


Figure 6 provides an hour-by-hour record of se- 
lected performance data for the seven-day period, 
January 20 to 26, 1980. This period was representa- 
tive in that it included days with high and low inso- 
lation and with a range of outside temperatures 
typical of Rhode Island mid-winter weather. 

The first two days of the period (January 20 and 
21) had high insolation and outside temperatures 
in the range of 23° to 42°F (-5° to 6°C). The final 
three days (January 24 to 26) also had high insola- 
tion, but were somewhat colder, in the 18° to 38°F 
range (-8° to 3°C). In between, there were two days 
(January 22 and 23) with low insolation and temper- 
atures in the range of 23° to 41°F (-5° to 5°C). 

On sunny days, the temperature at the top of the 
loop exceeded 90°F (32°C). It reached 106°F (47°C) 
on January 25 and 26. The peak was reached in all 
cases between noon and 3 p.m. The temperature 
at the bottom of the loop remained in the range of 
45° to 55°F (7° to 13°C) for the entire period. On 
cloudy days, it remained in a narrow range of 48° to 
52°F (9° to 12°C). The time of the peak temperature 
at the bottom of the loop generally coincided with 
the time of the peak at the top of the loop on four 
of the sunny days but lagged by a few hours on the 
other sunny day (January 21). The time of the 
trough of the temperature at the bottom of the 
loop on sunny days coincided almost exactly (with- 
in one hour) with the temperature at the peak of 
the loop. 

The average indoor temperature remained gen- 
erally in the 63° to 65°F (17° to 18°C) range during 
the seven-day period, but rose to the 68° to 71°F 
(20° to 22°C) range in midafternoon on the sunny 
days. As mentioned earlier, the electric heater 
thermostats were set at anominal 65°F (18°C). Mas- 
tin set them a degree or two lower on the upper 
floors, however, during part of the test period, as 
a matter of comfort. 

The daily and hourly requirement for auxiliary 
electric heat are shown toward the bottom of Fig. 
6. The daily requirement ranged from 115 x 103 Btu 
to 176 x 103 Btu (33.7 to 51.6 kWh). As would be ex- 
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pected, it was lowest on a sunny day (January 20) 
and highest on a cloudy day (January 22). On Jan- 
uary 25, a sunny day, the auxiliary heat was the 
same 160 x 103 Btu (46.9 kWh) as on January 23, a 
cloudy day, but the average outside temperature 
was 22.9°F (-5.1°C) on the sunny day versus a 
warmer 32.4°F (0.2°C) on the cloudy day. 

The total use of auxiliary heat during the seven 
days was 1,032 x 103 Btu. This equates to 302 kWh or 
a cost of only about $11.00 at the kWh rate (.036). 
Mastin was paying for his hot water electric ser- 
vice at the time the test was conducted. For com- 
parison, if the house had been heated by an oil 
heating system with an efficiency of 75%, the oil 
use for this typical winter week would have been 
only 10 gallons (38 /). For a gas heating system with 
a 70% efficiency, the gas use would have been only 
about 15 therms (42 m3). This is less than a quarter 
of the oil or gas use of typical older houses with the 
same floor space. 

The bars in Fig. 6 showing hourly auxiliary heat- 
ing demands provide a basis for several observa- 
tions. On the two cloudy days, the demand was 
relatively constant at about 7 x 103 Btu/h (2.05 
kW) throughout the 24-hour period. On sunny 


days, the demand was relatively high in the hours 
from midnight to 8 a.m. and relatively low in the 
hours from 6 p.m. to midnight. The hourly average 
on sunny days ranged from 5 x 103 Btu/h to 6.75 x 
103 Btu/h (1.5 kW to 2.0 kW). Some heat was always 
needed in the noon to 6 p.m. period, even on 
clear days. This was due to stratification of air in 
the three levels of the house, discussed below. 
The outside temperatures in the midnight to 
6 a.m. period were essentially the same on January 
24 and January 25 (19.7°F (-6.8°C) and 18.1°F 
(-7.7°C), respectively). January 25 followed a sun- 
ny day, while January 24 followed a cloudy day. De- 
signers of double-envelope houses claim that heat 
captured in the convective loop on sunny days is 
stored in the ground (or the structure) and released 
to the loop at night. If this is true, one would ex- 
pect the midnight to 6 a.m. auxiliary heat require- 
ment to be lower on January 25 than on January 
24. Actually, the requirement in those six hours 
was 57.9 x 103 Btu (77.0 kW) on January 25 and 62.2 x 
103 Btu (18.2 kW) on January 24. The difference is so 
small that it suggests that no significant storage and 
release of heat is taking place over that time span. 
The principal release of heat stored in the loop dur- 
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Figure 6: Observed hourly performance includes two sets of information. The first, at the top of figure, is air tempera- 
ture. Curves are plotted for outside and inside temperatures and for temperatures at the top (attic) and bottom 
(crawl space) of the convective loop on the north side. The second, shown in narrow vertical bars, is the use of auxil- 
iary heat during each hour. Also shown, at the bottom of the figure, is each day’s insolation available as a percent- 
age of the clear sky insolation available on that date in Middletown. 


Vol. 1, No. 3: Summer 1982 


157 


Air Temperature and Heater Use by Levels: January 25 to 26, 1980 
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Figure 7: Hourly air temperatures are plotted for the outside and for each of the three floors inside. At the bottom of 
the figure, running times are tabulated for each of the three auxiliary heaters, expressed as the percentage of each 
three-hour period that a floor’s heater was on. Note the difference between the lower and upper floors. 
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ing the day appears to take place in the evening 
hours. 

As noted above, some auxiliary heat was always 
used, even in the afternoons on sunny days when 
the average house temperature rose to a range of 
68° to 71°F (20° to 22°C). The reason for this is evi- 
dent from examination of Fig. 7. This figure pro- 
vides a plot of hourly temperatures on each of the 
three levels of the house for the sunny two-day 
period January 25 and 26, 1980. Outside air temper- 
ature is also plotted. At the bottom of the figure, 
the running time of each of the electric heaters is 
tabulated. The heater running times are listed for 
each three-hour period, expressed in terms of the 
percent of time that the heater was operating in 
that period. 

On the first day, the upper floor temperature 
rose to 75°F (24°C) by noon and remained there 
until 3 p.m. when it started to drop slowly. It was 
not until 3 a.m., however, that it reached 65°F 
(18°C), at which temperature the auxiliary heater 
would come on. On the second day, which was 
milder—38°F (3°C) high versus 32°F (0°C)— the 
upper floor temperature rose to 78°F (26°C) by 
3 p.m. By midnight it had fallen only to 68°F (20°C). 
The heater on this level operated only 5% of the 
time during the two days. 

The lower level temperature, in contrast, never 
exceeded 65°F (18°C) during the entire two-day 
period. The heater on this level was on most of the 
time, including periods (such as 6 p.m. to 11 p.m., 
January 25) when the average house temperature 
was above 65°F (78°C). The lower level heater was 
on 82% of the time in the two-day period, and the 
main floor heater was on 32% of the time. 

The lack of forced circulation in the house re- 
sults in stratification of the air. This results in a sit- 
uation where auxiliary heat is needed on the lower 
level even when the upper level is overheated. If 
some mixing of the air on the three levels could be 
achieved, the auxiliary heating requirement would 
be even lower than that measured in this test. 


Heating Load Calculation 


A calculation of the heating load of the inner 
space of the house was made, according to 
ASHRAE, in order to permit comparison with ob- 
served performance. The existence of the convec- 
tive loop space does not present any special prob- 
lems in this calculation. The ASHRAE procedure 
provides for treatment of adjacent unheated 
spaces, such as attics. 


In calculating the. heating load of the inner 
space, a value was assumed for the air tempera- 
ture in the convective loop about midway between 
the assumed inside and outside air temperatures, 
which were 68° and 0°F (20° and -18°C) respec- 
tively.* A similar assumption was made for the ga- 
rage. The losses to the convective loop from the 
house were tabulated separately from losses di- 
rectly to the outside (as at the east and west walls) 
and to the garage. The losses from the convective 
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loop to the outside were also tabulated. The losses 
to the convective loop should, of course, be equal 
to the losses from the convective loop. In the first 
calculation, they were not equal. A new tempera- 
ture was selected for the convective loop and 
losses were calculated again. This procedure was 
repeated until an equality of losses was obtained. 
A summary tabulation of the results is shown in 
Table 1. The equilibrium temperature in the con- 
vective loop was just under 37°F (3°C). 

The heating load calculated for the inner space, 
according to this method, is 28.227 x 103 Btu/h 
(8,272 W). This is equal to a “normalized heating 
requirement” (NHR) of about 411 Btu/h°F 
(217 W/°C). Of the total heat load, 21.637 x 103 
Btu/h (6,341 W), or 77%, is lost to the convective 
loop, and 21.637 x 103 Btu/h (6,347 W) is lost from 
the convective loop to the outside. 

In making the heating load calculation, an air 
infiltration rate of 0.5 air changes/h (ACH) was 
used for the inner building. Infiltration tests were 
performed with the assistance of the Princeton 
Center for Environmental Studies using a simpli- 
fied sulfur hexafluoride gas concentration decay 
method in which the samples are returned to 
Princeton for analysis. Two readings, under winds 
of 5 mph and 12 mph ( 2 m/s and 5 m/s), each 
showed about 0.5 ACH. 

It is interesting to note that the roof glazing ac- 
counts for a heat loss of some 10.819 x 103 Btu/h 
(3,171 W) at 68°F (20°C) AT, or 50% of all heat lost 
by the convective loop. 


*The outside temperature of 0°F (-78°C) was selected as being 
representative of many locales in the Northeast. The ASHRAE 
winter design temperature for Middletown, Rhode Island, is ac- 
tually 5°F (-15°C). 


Calculated Heat Loss 
O°F (-18 °C) Outside Temperature, 
68 °F (20°C) Inside Temperature 





English Metric 
(Btu/h) — (W) 


Heat loss from inner space: 














To convective loop 21.037 6,341 
Other losses 6,590 1,931 
Total loss 28,227 8,272 
NHR =411 Btu/h°F =247 W7-G 
Heat loss from 
convective loop: 
Through roof glazing 10,819 3,171 
Other losses 10,818 3,170 
21,637 6,341 


NHR: Normalized heating requirement 


Table 4: Tabulation of heat loss is based on an equil- 
ibrium temperature in the convective loop of just under 
SE Tes 
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Estimated Internal Heat 




















Metric (W) English (Btu/day) 
Appliances Appliances 
and Lighting Occupants Total Space and Lighting Occupants Total 
387 434 518 Inner space 31,660 10,700 42,360 
525 ele Convective loop 43,000 43,000 
912 434 1,043 Total 74,660 10,700 85,360 





Table 2: Heat available to the inner space is estimated from records of meter readings for the three months prior to 
January 1980 and from location and estimated use of lighting and appliances. Heat available to the convective 
loop is based on estimates from appliances and lights located in the loop, and on readings of the separate meter 


for the domestic hot water heater in the loop. 


Daily Performance Analysis, 
January 17 to February 16, 1980 


Continuous performance monitoring of the 
house took place from mid-January to mid-Feb- 
ruary, except on January 31 when suitable data 
were not obtained. Each day’s performance was 
analyzed to determine the need for auxiliary elec- 
tric heat in relationship to the outside air tempera- 
ture (AT) and the amount of insolation available to 
heat the house on that day. 

The pyranometer on the deck outside the house 
recorded insolation on the horizontal plane. The 
horizontal insolation was converted to a “weighted 
insolation” available to the outside of the house, 
taking account of the inclination of the house’s 
south-facing glass. About 32% of that glazing is ver- 
tical and 68% (that part in the roof) is at an angle of 
45° from the horizontal. In order to arrive at a 
weighted value, the observed horizontal insolation 
in Btu/ft2 h was converted to insolation in the verti- 
cal and 45° planes, using standard ratios for 40° lati- 
tude, and these values were combined in a 32/68 
ratio. 

The auxiliary heating requirement also was nor- 
malized for the difference between inside and out- 
side temperatures (AT), in order to deal with only 
two variables, normalized auxiliary heating re- 
quirement and weighted insolation. To do this, A T 
for each day was adjusted downward to account 
for the internal heat from occupants, lighting, and 
appliances. This is necessary because internal heat 
is essentially constant and is not related to degree- 
days. The need for auxiliary and solar heat depends 
on heating degree-days after crediting for internal 
heat. 

The Mastin house has separate electric meters 
for the domestic hot water heater and all other 
uses. Referring to records of meter readings for 
the three months prior to January 1980 and the lo- 
cation and estimated usage rates of lighting and 
appliances, an estimate was made of the heat avail- 
able to the inner space. This turned out to be about 
282 kWh per month of electricity, which equates to 
31.66 x 103 Btu/day. (The water heater, freezer, 
clothes washer and dryer, and some lights, are lo- 
cated in the convective loop. Their rejected heat 
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is not directly available to the inner space.) 

Occupancy during the test period included Mr. 
Mastin and a construction worker on weekdays 
during working hours, and Mr. and Mrs. Mastin in 
the evenings and about half of weekend hours. 
This converts, at 250 Btu per person per hour, to 
10.7 x 103 Btu/day (137 W). The total estimated in- 
ternal heat available to the inner space is, there- 
fore, 42.36 x 103 Btu/day (518 W or 12.42 kWh/day). 

Heat available to the convective loop was esti- 
mated to include the balance of the non-hot-water 
electric usage and one-half of the electricity used 
by the water heater. The other half of the water 
heater energy was assumed to leave the house with 
drain water. The internal heat estimates are sum- 
marized in Table 2. 

The reduction of “breakeven” or “balance” 
temperature of the inner house due to internal 
heat can be estimated by applying the NHR for the 
house calculated in Table 1, as follows: 


NHR = 411 Btu/h°F 
NHR = 217 W/°C 


42,360 


AT = 71-24 


= 4,.29°F (2.4°C). 


The temperature data recorded for each day was 
analyzed on an hour-by-hour basis. The average 
outside temperature for an hour was subtracted 
from the average inside temperature (on the three 
levels) to obtain a degree-hour figure. These were 
summed over 24 hours to obtain a degree-hour 
total for the day. These figures were then con- 
verted to degree-days (based on actual inside tem- 
peratures) and reduced by 4.3°F (2.4°C) to obtain 
degree-day figures adjusted for the internal heat 
available to the inner space. 

The adjusted degree-day figures for the January 
17 to February 16 period are shown in Table 3, along 
with the daily auxiliary electric heating require- 
ment (as determined from the running time of the 
three heaters), and the auxiliary heating require- 
ment normalized on an adjusted degree-day basis. 
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Also tabulated is the weighted insolation figure for 
each day, whose calculation was described earlier. 

The normalized auxiliary heating requirement 
for each day in this period is plotted against 
weighted insolation in Fig. 8. A best-fit straight 
line is drawn through the points, using a linear re- 
gression analysis. The correlation coefficient, .79, 
indicates a reasonably good correlation between 
these two variables. The amount of auxiliary heat 
needed drops significantly, but not drastically, as 
insolation increases. On days with ample sunlight 
the auxiliary heating requirement is about 30% less 
than on days with slight insolation. This relatively 
small difference may suggest that a true southerly 
orientation of the sunspace is not critical for the 
double-envelope house. 


Extrapolating the line in Fig. 8 to the ordinate in- 
dicates that the house would need about 7.6 x 102 
Btu/°F-DD (4.0 kWh/°C-DD) (adjusted for internal 
heat) in the absence of sun. This amount is com- 
pared to the heat loss calculated by the ASHRAE 
method in Fig. 9, for a 30°F (-1°C) outside temper- 
ature and a 68°F (20°C) inside temperature. 

The design heat load calculated in Table1, 28.227 
x 103 Btu/h (8,272 W) corresponds to a NHR of 411 
Btu/h °F (217 W/°C). At a AT of 38°F (27°C), the 
load would be 411 - 38° 24(217° 27: 24) or 375 x 103 
Btu/day (395 MJ/day). The internal heat available 
to the inner space, 42.36 x 103 Btu/day (44.7 
MJ/day), can be subtracted from the calculated 
heat load, leaving a net load of 332.64 x 103 Btu/day 
(350.3 MJ/day). The indicated auxiliary heating re- 


Daily Auxiliary Heat, Adjusted Degree-Days, and Insolation; English 











Auxiliary Electric Heat 











Adjusted Daily Per Adjusted Weighted 
Day Date Degree-Hours Degree-Days Amount Degree-Day Insolation 
CP) CE) (10° Btu) (Btu/DD) (Btu/ft? day) 
y Jan. 17 861 Shs 227.9 7,214 417 
2 18 703 25.0 187.5 7,501 666 
3 ay, 635 222 147.3 6,637 542 
4 20 728 26.0 114.8 4,415 1,429 
5 21 860 31.5 132.4 4,702 4,352 
6 22 733 26:2 176.2 6,726 559 
i, 23 754 27.0 160.4 5,939 346 
8 24 4,051 39.5 161.9 4,099 1,617 
9 25 987 36.8 460.2 4,354 1,437 
10 26 907 33.5 427.3 3,799 1,678 
44 om 835 30.5 111.3 3,651 1,633 
12 28 861 31.6 102.9 3,256 4,545 
= 1 29 905 33.4 173.4 5,190 712 
14 30 1,058 39.8 196.5 4,938 brea} 
15 Feb. 1 1,098 41.5 213.0 5,134 1,655 
16 1,093 44.2 188.9 4,584 1,934 
ad 3 1,048 39.4 189.7 4,815 4,871 
18 4 1,006 37.6 168.4 4,471 4,823 
19 5 996 O7.2 470.4 4,574 1,589 
20 6 919 34.0 153.6 4,518 1,608 
21 ip 870 Bau) 244.9 7,653 686 
22 8 837 30.6 174.8 5,742 4,917 
23 9 886 32.6 148.5 4,554 1,364 
24 10 909 33.6 154.6 4,600 4,402 
25 11 914 33.8 219.2 6,485 756 
26 12 807 29.3 136.4 4,657 1,496 
27 13 861 31.6 119.1 3,769 1,753 
28 14 762 27.5 432.3 4,813 4,291 
29 15 792 28.7 97.8 3,407 4,595 
30 16 829 30.3 ra ES) TAT2 536 





Degree-days adjusted downward by 4.3 °F to account for 42.36 x 10° Btu/day of internal heat available to the inner space. 
Data for Jan. 31 were not suitable, and therefore are not reported here. 


Table 3a: Adjusted degree-day figures are shown for the January 17 to February 16 test period, along with the auxil- 
iary heat required daily and the auxiliary heat normalized on an adjusted degree-day basis. The weighted insolation 
figure for each day is also shown. See Table 3b for metric equivalents. 
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quirement in the absence of sun, 7.6 x 103 Btu/ad- 
justed °F-DD (4.0 kWh/°C-DD), would be 256.12 x 
103 Btu/day (270 MJ/day).* This is about 23% less 
than the calculated load less internal heat. 

As indicated in Table 2, about 43 x 103 Btu/day 
(45.3 MJ/day) of heat from lighting and appliances 
is released to the convective loop. This heat tends 
to reduce the need of the inner space for auxiliary 
heat. If it contributes to reducing the heat loss of 
the inner space at a ratio of one Btu for each two 
Btu of internal heat, the difference of 76.32 x 103 
Btu/day (80.5 MJ/day) in Fig. 9 would be reduced 
by 21.5 x 103 (22.7), to 54.82 x 103 Btu/day (57.8 
MJ/day). The remaining difference would be 
about 16.5% of the calculated heat load less in- 


ternal heat. In other words, the thermal perfor- 


*7,600 (68 - 4.3 - 30) = 256,120, where 4.3 is the inside tempera- 


mance of the house in the absence of sun is about 
16.5% better, in terms of auxiliary heat required, 
than would be expected from an ASHRAE heat loss 
calculation. Many observers feel that the ASHRAE 
factors are often conservative by 10% to 20%. 

The auxiliary heat required during the full 30 
days of testing in January and February was about 
4.91 x 10° Btu (1,439 kWh or 5,181 MJ). The degree- 
days for the period totaled 1,051 (584). This was 
somewhat more than the average for the period, 
which is about 990 (550) for Middletown. Insola- 
tion on the horizontal plane averaged 806 Btu/ft? 
day (9.15 MJ/m2), also somewhat above the aver- 
age for the period, which is about 760 (8.63). Thus, 
the period was a bit colder than normal but had 
more sun than normal. In terms of heating load, it 
was probably quite close to normal. The auxiliary 
heat needed for the 30-day period is summarized 
in Table 4. 


ture adjustment associated with internal heat. 


Daily Auxiliary Heat, Adjusted Degree-Days, and Insolation; Metric 

















Auxiliary Heat 
Adjusted Daily Per Adjusted Weighted 
Day Date Degree-Hours Degree-Days Amount Degree-Day Insolation 
Ce) GG) (kWh) (kWh/DD) (MJ/m?/day) 
i Jane 7. 478 47.5 66.79 3.82 4.74 
2 18 391 13.9 54.95 3.95 7.56 
3 19 353 12.3 43.17 oo 6.16 
4 20 404 14.4 33.65 2.34 16.23 
5 21 478 17.5 38.80 2.22 15.35 
6 22 407 14.6 51.64 3.54 6.35 
7 23 417 15.0 47.01 3.13 393 
8 24 584 21.9 47.45 2A7 18.36 
9 25 548 20.4 46.95 2.30 16.32 
10 26 504 18.6 37.31 2.01 19.06 
14 27 464 16.9 32.62 1.93 18.55 
12 28 478 ATS 30.16 4.72 ATO9 
13 29 503 18.6 50.82 2u3 8.09 
14 30 588 22.1 57.59 2.61 19.64 
15 Feb. 1 610 23.0 62.43 ie | 18.80 
16 2 607 raphe) Sheeley 2.42 21.96 
A 3 582 21.9 55.60 2.54 241.25 
18 4 559 20.9 49.27 2.36 20.70 
19 5 553 20.6 49.85 2.42 18.05 
20 6 514 18.9 45.02 2.38 18.26 
21 7 483 Ted, 71.78 4.06 7.79 
22 8 465 17.0 51.23 3.01 21:77 
23 9 492 18.1 43.52 2.40 15.49 
24 10 505 18.6 45.31 2.44 15.92 
25 44 508 18.8 64.24 3.42 8.59 
26 42 448 16.3 39.98 2.45 16.99 
27 13 478 ATS 34.94 1.99 19.90 
28 14 423 45.2 38.77 255 14.05 
29 15 440 45.9 28.66 1.80 18.14 
30 16 461 16.8 63.69 3.79 6.09 





Degree-days adjusted downward by 2.4 °C to account for 12.42 kWh/day of internal heat available to the inner space. 
Data for Jan. 31 were not suitable, and therefore are not reported here. 


Table 3b: Metric equivalents are given for Table 3a. 
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Auxiliary Heating Requirement vs. Insolation: January 17 to February 16, 1980 
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The auxiliary heat use for the 30-day period 
agrees closely with the use discussed earlier for the 
January 20 to 26 period. It is less than a quarter of 
the purchased energy needed for space heat in 
conventional, recently built houses with equiva- 
lent floor space. The average inside temperature 
was about 64°F (18°C) during this period, but it 
tended to be higher than this on the upper floors 
during the daytime, as discussed previously. No 
night temperature setback was used during the test 
period. The 64°F (78°C) 24-hour average tempera- 
ture can be thought of (and roughly equated to in 
terms of heat required) as a day temperature of 
66°F (19°C) and anight temperature of 60°F (16°C). 

The daily auxiliary heat required by the house in 
this period is related to insolation in Fig. 10. The 
requirement varies from about 3 Btu/ft? °F-DD 
(61 kJ/m2 °C-DD) under conditions of light insola- 
tion to about 2 Btu/ft? °F-DD (41 kJ/m?2 °C-DD) on 
cloudless days. Under average conditions of inso- 
lation, the house can be characterized as having a 
mid-winter auxiliary heating requirement of about 
2.5 Btu/ft? °F-DD (51 kJ/m2 °C-DD). Over the en- 
tire heating season the figure would probably be 
even lower, perhaps close to 2.0 (47). This is true 
because, while degree-day tables show degree- 
days in all months, even summer months in which 
the hourly temperature is below 65°F some of the 
time, the solar and thermal storage features of 
houses like the Mastin house tend to preclude the 
need for auxiliary heat in these marginal heating 
months (i.e., May, June, September, and October). 

The balance point temperatures of the Mastin 


house, based on the preceding analysis, are shown 
in Fig. 11. The temperatures are about 58°F (14°C) 


Auxiliary Heat Required 
January 17 to February 16, 1980 








Metric English 
5,181 MJ Total for period 4,910 x 10° Btu 
473 MJ Daily average 164 x 10° Btu 
Equivalent electricity 
5,181 MJ Period 1,439 kwh 
173 MJ Per day 48 kWh 
Equivalent gas 
198.0 m? Period 70.0 therms 
6.6 m? Per day 2.3 therms 
Equivalent oil 
178.0 | Period 47.0 gal 
6.1 | Per day 1.6 gal 





Equivalent gas is based on a gas heating system operating 
at 70% efficiency. Equivalent oil is based on an oil heating 
system operating at 75% efficiency. 

Table 4: The auxiliary heat requirements occurred dur- 
ing a 30-day test period that was somewhat colder 
than normal for Middletown, and also somewhat sun- 
nier than normal. 


on overcast days and 48°F (9°C) on clear days, fora 
68°F (20°C) inside temperature. Expressed another 
way, the house can be expected to maintain an 
average indoor temperature 10°F (6°C) above the 
ambient temperature on overcast days and 20°F 
(11°C) above the ambient temperature on clear 
days, with no auxiliary heating. The actual per- 
formance is probably better than this, because the 
actual heating load of the house appears to be 
about 16.5% lower than the calculated NHR of 411 
Btu/h °F (277 W/°C), which was used in estimating 
the balance points, as discussed earlier (see Fig. 9). 


Auxiliary Heating Requirment vs. Insolation 


Figure 10 (at right): Auxiliary 
heat requirements are plotted 
against weighted insolation. 
Heating requirements in the 
absence of insolation are 
those shown in Fig. 9. The re- 
duction of auxiliary heat re- 
quired as insolation increases 
is based on Fig. 8. At the right 
side, a second scale shows 
the heat requirements in terms 
of Btu per square foot of floor 
space per degree-day. This 
scale is calculated on the 
basis of the standard usage of 
degree-days, i.e., tempera- 
tures below 65°F (18°C). The 
scale is based on 2,027 ft? 
(188 m2) ofliving space, which 
is the space within the inner 
building shell. It does not in- 
clude the main level of the so- 
larium, which can be class- 
ified as usable living space 
during daylight on most days, 
even in midwinter. 
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Performance of Convective Loop 


In evaluating the thermal performance of a 
double-envelope house, the contribution of con- 
vective airflow in the space between the shells is 
difficult to assess. Some readings of airflow in the 
loop were attempted using a hand-held ionized 
corona probe, but the results were not conclusive. 
The velocities were very low, less than 90 ft/min 
(.46 m/s) and multidirectional. A simple test was 
then devised to try to isolate the benefit of the 
circulation to the auxiliary heating requirement 
of the house. 

For the test the flow of air around the loop was 
physically blocked by closing the opening from the 
bottom of the solarium to the crawl space. Build- 
ing paper was installed at this location, using 
staples. This effectively blocked close to 100% of 
the area at this point in the loop. 

This barrier was installed in February 1980 after 
completion of the initial testing, and data were 
collected for the period from February 17 through 


February 28. The results are plotted in Fig. 12. The 
normalized auxiliary heating requirement is 
plotted for each day against weighted insolation, 
as was done for the earlier test data plotted in Fig. 
8. The best-fit straight line, using linear regression 
analysis, shows a high correlation coefficient of 
about .95. 

The best-fit line for the days with the loop 
blocked and that for the earlier test period are 
plotted in Fig. 14, which is presented later. A com- 
parison shows that the blockage caused no in- 
crease in the auxiliary heat required. If anything, 
the auxiliary heat needed was lower by about 5% 
to 20% with the loop blocked, depending on inso- 
lation. This difference is not large enough to be 
conclusive, considering the experimental errors. 
However, it does seem to support the conclusion 
that blocking the loop had no deleterious effect. 

Some observers feel that air circulation in the 
between-shells space takes the form of two separ- 
ate loops, one in the sunspace and one in the north 
wall. These flows would not be impaired greatly 
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Figure 11: Balance point temperatures of the Mastin house are shown. Assuming a 68°F (20°C) interior thermostat 
setting, the heating load of the house can be read on the left scale as a function of outside air temperature. This is 
based on Table 1’s calculated heat load, 414 Btu/h F (217 W/°C). In preparing this figure, an internal gain of 64,000 
Btu/day (782 W) was used. Internal heat provided to the inner space is estimated at 42,360 Btu/day (518 W), plus one- 
half of the 43,000 Btu/day (525 W) internal heat provided to the convective loop (see Table 2). The allocation of half 
of the loop heat as a contribution toward meeting the heating needs of the inner space is arbitrary, but probably 
reasonably accurate. The benefit of solar gain on overcast days is estimated from the mean ofthe cluster of points 
at the left in Fig. 8. The clear day benefit is estimated from the right cluster of points. 


Vol. 1, No. 3: Summer 1982 


165 


Auxiliary Heating Requirement vs. Insolation with Convective Loop Blocked 
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Figure 12: The auxiliary heating requirement is plotted against insolation with the convective loop blocked by paper 
at the south end of the crawl space. 
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Figure 13: The auxiliary heating requirement is plotted aginst insolation with the upper row of roof glass blocked and 
insulated as in Fig. 4. 
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by the barrier that was installed for this test. Lee 
Butler, in the first edition of Ekose’a Homes,? shows 
circulation of air all the way around the loop in the 
“heat gain’”’ mode. In the second edition,? how- 
ever, he shows two separate circulation paths, one 
on the south side and the other on the north side. 
He states that the actual paths are unique and var- 
iable in every case, but that the two paths are ‘‘what 
appear to be predominant air movement pat- 
terns.” 


Performance with Reduced Roof Glazing 


After the test with the loop blocked, Robert 
Mastin suggested that the house be modified by 
covering the upper row of glazing in the roof, 
which he felt might improve the thermal perfor- 
mance. This was done by installing batts of fiber- 
glass insulation under the glass, performing the 
triple function of blocking solar gain and radiation 
losses and greatly reducing the conductive heat 
loss. This insulation can be seen in the photograph 
in Fig. 1, which was taken in March 1980, after the 
installation was made. 

A third period of testing was then performed, 
from March 15 to March 30, to identify the effects 
of this change. (The barrier to airflow in the loop 


was removed before these tests started.) The results 
are plotted in the same format as for the other test 
periods in Fig. 13. In this case the correlation was 
also quite good, with a coefficient of .80, and the 
auxiliary heat required was reduced significantly, 
by 25% to 50%, as compared with the first test per- 
iod. The best-fit line of normalized auxiliary heat- 
ing requirement versus weighted insolation is 
compared with that for the base period in Fig. 14. 

The observed reduction in auxiliary heat asso- 
ciated with reducing the roof glazing is about 2 x 
103 Btu per adjusted degree-day under average 
insolation. This amounts to about 67 x 103 Btu/day 
(70.7 MJ/day) or 2.8 x 103 Btu/h (827 W) on a 30°F 
(-1°C) day. The roof glazing has an area of 358.9 ft? 
(33.3 m2) and a U-value of .830 (4.7). The heat loss 
from the convective loop through half of the glass, 
at 30°F (-1°C) outside temperature, (when the loop 
temperature would be about 50°F (70°C) is about 
3 x 103 Btu/h (879 W). Insulated, it would drop to 
about 180 Btu/h (53 W). The reduction in auxiliary 
heat needed for the inner space (2.8 x 103 Btu/h or 
821 W) is of the same magnitude at the calculated 
reduction in heat load of the convective loop (2.82 
x 103 Btu/h or 826W) associated with blocking and 
insulating half of the roof glass. 

The results of this test would seem to indicate 
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Figure 14: The effects of convective loop and roof glass modifications on auxiliary heat requirements are compared 
with the requirements of the original house configuration. 
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that most or all of the benefit derived from solar 
gain through the upper row of roof glass is offset 
by radiative heat loss through the glass on a daily 
cycle. This is without regard for conductive heat 
loss through the glass. It appears quite possible that 
this conclusion would apply to the lower row of 
roof glass as well. The lower row in the Mastin 
house permits a water view to the south from the 
upper level, however, so it would not be reason- 
able to eliminate it, though its area could be re- 
duced. 


Analysis of Ground Thermal Coupling 


After the original testing period, January to 
March 1980, thermocouples were installed to mon- 
itor the heat flow in the concrete slab beneath the 
crawl space. Four Type J thermocouples were in- 
stalled, one on the surface, one “in. (13mm) down 
in the slab, one 3in. (76mm) down, and the other at 
the bottom of a hole 6 in. (152 mm) below the sur- 
face of the slab, in the supporting gravel. These 
were connected to the Fluke data logger. 

The temperature profiles in the slab were anal- 
yzed for an 11-day period in January 1981 (the fol- 
lowing winter). The hourly measured temperatures 
were averaged to obtain a daily average for each 
thermocouple. The daily averages were then aver- 
aged for the 11-day period. The results, shown in 
Table 5, indicate a small gradient from the temper- 
ature 6 in. (152 mm) below the slab to a slightly 
cooler (0.52°F or .29°C difference) temperature on 
the surface of the slab. The slab surface tempera- 
ture averaged 50.1°F (70.7°C) in the period. 

Using standard ASHRAE material properties for 
concrete and gravel, a steady-state heat flux of 
about 0.7 Btu/ft? h (2.2 W/m?) was calculated for 
this temperature gradient. This corresponds to 
about 700 Btu/h (205W) or 16.8 x 103 Btu/day (17.7 
MJ/day) for the 1,005 ft? slab area. While not insig- 
nificant, it is a small amount as compared with the 
43 x 103 Btu/day (45.4 MJ/day) available to the con- 
vective loop from appliances, and the inner space 
NHR of 411 Btu/h °F (217 W/°C). 

A second analysis was made to identify the pe- 
riodic heat flow into and out of the slab on a daily 


Average Slab Temperatures 
January 3 to 14, 1984 








Metric English 
Average Average 
Temperature Temperature 
(20) Thermocouple Location CE) 
10.34 6 in. below surface 50.62 
10.26 3 in. below surface 50.47 
10.17 0.5 in. below surface 50.34 
10.06 On slab surface 50.10 


Table 5: Average temperatures for the concrete slab 
below the crawl space were derived from hourly mea- 
surements made during an 14-day period in 1981. 
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basis. The surface temperatures were inspected to 
find a day within the 11-day period when the non- 
steady-state heat flow was close to being periodic. 
January 12 met this criterion, and had a surface 
temperature amplitude [(Tyax - Tmin/2] Of 1.15°F 
(.64°C), which is near the average for the period. 
Using theoretical solutions for periodic heat trans- 
fer in an infinite slab, the amount of energy stored 
or released in a half cycle is calculated to be less 
than 25 Btu/ft2 (.28 MJ/m2) or about 25 x 103 Btu (26 
MJ) for the area of the slab. In other words, on a 
representative day about 25 x 103 Btu (26 MJ) is 
stored in the slab during the day and released at 
night. This is also a relatively small amount when 
compared, for example, with the 256 x 103 Btu/day 
(270 MJ/day) needed by the house from solar and 
auxiliary heat on a 30°F (-1°C) day (Fig. 9). 


Performance with Auxiliary 
Heaters Disconnected 


A short test was conducted in March 1981 with 
no auxiliary heating to determine the inside tem- 
perature at which the house would “‘float.’’ The 
results are plotted in Fig. 15. 


The three portable electric heaters were inacti- 
vated and the thermostat for the ground floor elec- 
tric baseboard heaters was turned down at 10 a.m. 
on March 9. The outside temperature was about 
43°F (6°C). By midnight, when the outside temper- 
ature was 35°F (2°C), the upper floor temperature 
had dropped only to about 65°F (78°C). The 
ground floor temperature, however, had fallen to 
58°F (14°C). The average temperature dropped ata 
rate of only about 0.4°F (0.2°C) per hour with a AT 
of about 25°F (14°C). This is comparable to the 
night temperature lapse rate reported for other 
energy efficient houses such as the Balcomb and 
Burns houses, and for well-designed, superinsu- 
lated houses. 


The inside temperatures continued to fall until 
8 a.m. the next day when the upper floor was 62°F 
(17°C) and the ground floor was 56°F (13°C). The 
house started to warm by 9 a.m., however, even 
though the day was overcast (insolation for the day 
was 580 Btu/ft? or 6.6 MJ/m?), and the inside tem- 
peratures had risen by about 5°F (3°C) by mid- 
afternoon. 


On the second morning, March 11, even though 
it was a few degrees colder outside, the low tem- 
peratures reached inside were only a degree below 
those measured on the first morning after the 
heaters were turned off. Thus, the house appears 
to have reached an average inside equilibrium 
temperature of about 59°F (15°C) in the mornings 
and 63° to 64°F (17°C) in the afternoons with out- 
side temperatures averaging 35° to 40°F (2° to 4°C). 
This was accomplished under conditions of light 
insolation, suggesting that the balance point tem- 
perature under such conditions may be more like 
20°F (11°C) above ambient temperature than the 
10°F (6°C) shown in Fig. 11. 
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The crawl space air temperature (not plotted), 
which was about 53°F (12°C) at the start of this test, 
remained in a 50° to 55°F (10° to 13°C) range for the 
entire two-day test period. The crawl space tem- 
perature was 52.3°F (17.3°C) at the end of the test at 
noon on March 11. The temperatures at other 
points in the convective loop were in the same 50° 
to 55°F (10° to 13°C) range during night hours, but 
were warmer than that during daylight hours. 


On the third day, a fire was started in a wood 
stove on the ground level shortly after noon, when 
the average inside temperature was about 59°F 
(15°C). The stove was very effective in raising the 
temperature on all three levels of the house. With- 
in two hours the ground floor temperature was 
72°F (22°C) and the other two floors were about 
63°F (17°C). The average house temperature was 
67°F (19°C) and reached 71°F (22°C) by 5 p.m. 


Performance with Auxiliary Heaters Disconnected 
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Figure 15: The inside air temperature of the house at three levels is shown with the auxiliary heaters off. Outside air 


temperature is also shown. 


Vol. 1, No. 3: Summer 1982 


169 


Summer Ventilation and Cooling 


As discussed earlier, the Mastin house benefits 
from the prevailing southwest winds which bring 
cool air from the Atlantic Ocean to the Rhode Is- 
land coast on most summer afternoons. It relies on 
natural ventilation and the protection from solar 
gain provided by the outer shell to maintain com- 
fortable inside temperatures in the summer. No air 
conditioners are installed. 

The triangular screened and louvered attic vents 
described earlier are kept open for most of the 
summer. The 50-ft (15-m) long, 2-ft (.61-m) diam- 
eter cooling tube, running underground from a 
capped opening on the north lawn to the utility 
room, is intended to be used in conjunction with 
the attic vents to ventilate and cool the air enve- 
lope space. 

In Brookhaven’s monitoring of the house, sev- 
eral temperature sensors were installed inside the 
cooling tube and some limited data were collected. 
However, the tests were not conclusive. Air ap- 
peared to be flowing from the envelope space 
through the tube to the outside, rather than being 
drawn into the envelope space when the testing 
was performed. 


Mastin observes that the cooling tube is not en- 
tirely effective. He feels that the best ventilation 
is normally achieved by opening only the east ga- 
ble vent, which is on the low pressure side of the 
house with the prevailing southwest winds. With 
the sliding doors from the envelope space to the 
outside also open, the envelope space is pressur- 
ized slightly and ventilated very effectively. Under 
these conditions, Mastin finds that the airflow in 
the tube is often in the wrong direction. If the slid- 
ing doors were closed, the airflow in the tube 
would be generally in the right direction (into the 
house), but the solarium would heat up too much. 


DISCUSSION OF 
BUILDING PERFORMANCE 


Auxiliary Heat Requirement 


Testing during the initial period in January and 
February 1980 showed that the Mastin house needs 
very little auxiliary heat to maintain comfortable 
conditions in the living space. The average daily 
requirement was only 164 x 103 Btu (173 MJ), as in- 
dicated in Table 4, or alittle over 2 Btu/ft2 °F-DD (47 
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Figure 16: The estimated annual heating load of the Mastin house is compared with those of typical inventory 


houses and other construction. 
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kJ/m2 °C-DD). A comparison of the estimated an- 
nual heating load of the house with that of typical 
inventory houses and other construction is pro- 
vided in Fig. 16. The Mastin house load of about 2.1 
Btu/ft? °F-DD (43 kJ/m? °C-DD) compares with 
about 4 (82) under the Department of Energy’s pro- 
posed Energy Performance Standards for New 
Buildings (BEPS), 6 (722) for 1975-1976 building 
practice as surveyed by the National Association of 
Home Builders, and 10 to 20 (204 to 408) for the 
typical U.S. housing stock built before 1975. Also 
indicated is a reference point for the Brownell 
house described in an earlier BNL case study.4 

The low heating requirement of the Mastin 
house reflects the balance point temperature asso- 
ciated with its low thermal losses, internal heat, 
and the benefit of insolation. Fig. 11 shows the esti- 
mated balance point temperatures to be in the 48° 
to 58°F (9° to 14°C) range (for a 68°F or 20°C inter- 
ior temperature), depending upon the amount of 
insolation. However, on the basis of the test con- 
ducted with no auxiliary heating (see Fig. 15), it ap- 
pears that the balance point temperatures are even 
lower, probably in the range of 40° to 50°F (4° to 
10°C), depending on insolation. Auxiliary heat 
(other than a small amount needed for the base- 
ment level) probably would not be required except 
when the outside temperature is below the 40° to 
50°F (4° to 10°C) range, assuming the availability of 
a normal amount of internal heat. This means that, 
under average Rhode Island temperature condi- 
tions, auxiliary heat would seldom be required ex- 
cept in the period from early December to late 
March. 

Measurement of the amount of auxiliary heat 
required by energy-efficient houses, for purposes 
of making a quantitative comparison with other 
houses, requires that the inside temperature be 
maintained at a controlled level. This was done in 
evaluating the Mastin house. Thermostats on three 
levels of the house turned electric heaters on to 
prevent the temperature on each level from falling 
below 65°F (18°C) approximately.. The auxiliary 
heat requirement reflected the maintenance of 
this level of comfort. It is evident that an energy- 
conserving house without such automatic tem- 
perature control could use less auxiliary heat than 
measured by this test procedure, because the oc- 
cupants might allow the inside temperature to 
drop below 65°F (18°C) at some times of the day 
on some levels of the house. 


Circulation in Convective Loop 


No conclusions can be drawn from our simple 
measurements of air velocities in the loop, except 
that the flows were quite low (less than 90 ft/min 
or .46m/s) and variable. Tests by others have shown 
that the velocities in the most restricted part of the 
loop are typically in the 10 ft/min to 50 ft/min (.05 
m/s to .26 m/s) range when flow exists.> © Some of 
these tests show evidence of periodic reversal of 
the direction of the airflow while others show that 
reversal does not take place.® 
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Low air velocities should not be taken to mean 
that heat movement is insignificant because the air 
volumes are large. The area of the north wall cav- 
ity in the Mastin house is about 20 ft?(7.8 m2). A lei- 
surely flow velocity of 50 ft/min (.26 m/s) (about 
one-sixth of an average person’s walking speed) 
corresponds to a transport rate of about 1,000 ft3/ 
min (28 m3/min). Air flowing at 1,000 ft3/min (28 
m3/min) moves about 10 x 103 Btu/h (2,930 W) of 
heat energy from one point in the loop to another 
for each 10°F (6°C) drop in the temperature of the 
airstream. 

Our tests of the Mastin house with the loop 
blocked showed no adverse effect on house per- 
formance. However, it is possible that this was true 
because the flow in the loop is not continuous, but 
instead takes place in the form of separate circula- 
tory paths in the north and south loop spaces. 
Clearly, additional experimental measurements of 
the loop airflow should be made in double-enve- 
lope houses. 


Some analysts of double-envelope houses be- 
lieve that performance would be improved by in- 
troducing forced circulation in the loop. This could 
be done quite easily in the Mastin house by closing 
the loop at the south end of the crawl space (where 
we closed it as an experiment) and installing sev- 
eral small fans in openings in the partition. The 
fans could be thermostatically controlled (in the 
heating season) to come on when the attic temper- 
ature exceeded 80°F (27°C) or so. Based on the cal- 
culation above, 1,000 ft3/min (28 m3/min) of fan- 
induced circulation, with an attic temperature of 
80°F (27°C) and a crawl space temperature of 50°F 
(10°C) would transport 30 x 103 Btu/h (8,792 W) to 
the crawl space. This is approximately equal to the 
total calculated hourly heat loss of the house at a 
O°F (-18°C) outside temperature. 


Having a more uniform temperature in the loop 
(due to forced circulation) might not significantly 
reduce the total heat loss from the loop, but it 
would seem to have two other advantages. It would 
shift more of the loss to the basement slab and the 
earth below, from which it could be retrieved at 
night, and it would reduce the tendency toward 
overheating of the upper floor bedrooms in the 
afternoons. 


Ground Heat Storage and Retrieval 


The BNL tests showed the ground coupling of 
the Mastin house in a mid-winter (January) period 
to be weak. There was, however, a heat flow from 
the ground during the test period of about 17 x 10 
Btu/day (17.9 MJ/day). Superimposed on this flow 
was a diurnal transfer to and release from the earth 
of about 25 x 103 Btu/day (26.4 MjJ/day). These 
flows, while not negligible, are small compared 
with the heat loss of the house, which is about 300 x 
103 Btu/day (317 MJ/day) under the test conditions. 
For another comparison, solar heating provides 
some 100 x 103 Btu/day (106 MJ/day) to the inner 
space on clear days in January, according to our 
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analysis, or about six times the heat flow from the 
ground. 

Performance monitoring of some other double- 
envelope houses has produced similar conclusions 
about ground coupling. A report on testing of the 
Tom Smith house in Lake Tahoe concludes that “‘it 
appears that heat transfer from the crawl space to 
storage does not constitute a major heat transfer 
mechanism.’’> Testing of the Ekose’a-designed 
Stokes house in Canton, Georgia, produced a con- 
clusion that ‘“‘energy storage in the crawl space was 
not evident.’ The test report on a house near Ot- 
tawa concluded that “if thermosyphoning does 
move some sunspace heat usefully through the 
upper jacket and finally into and across the base- 
ment, it appears that the basement does not store 
it and release it usefully.’’” 

A “thermal-envelope-concept test room’ has 
been built at the University of Nebraska. In a pre- 
liminary winter condition test report, earth coup- 
ling is discussed. The authors state, “The initial 
conclusions indicate that air circulation does occur 
albeit at rather low flow rates. Apparently little 
energy is transferred from the greenhouse to mass 
storage via the plenum route.’’8 


Observed versus Calculated 
Heating Requirements 


As discussed earlier, and plotted in Fig. 9, the 
heat load calculated for the Mastin house, using 
standard ASHRAE procedures, agrees reasonably 
closely with the heat available in the form of auxil- 
iary electric heat, solar gain, and internal sources 
of heat. The heat required was 16.5% less than the 
calculated heating requirement. In making this 
comparison, the 17 x 103 Btu/day (17.9 MJ/day) 
heat flow from the ground was not considered. 
Counting this gain, and subtracting the heat loss 
through the basement floor used in the heat loss 
calculation, the agreement is even closer, within 
about 11%. Thus, there do not appear to be any sig- 
nificant unexplainable phenomena contributing to 
the good thermal performance of the house. 


Cooling Performance 


The Mastin house remains quite comfortable in 
the summer months because of the breeze that 
comes in from the ocean on most afternoons. Be- 
cause of the availability of this source of ventila- 
tion, the cooling tube is not used often. In other 
double-envelope houses, the cooling tube would 
probably play a greater role in maintaining com- 
fortable conditions in the living space. 

Earth cooling tubes have been modeled recently 
at the Southern Solar Energy Center and the 
Georgia Institute of Technology’s College of Archi- 
tecture. This work was reported at the Fifth Nation- 
al Passive Solar Conference.? The authors also mea- 
sured the cooling tube performance of the Stokes 
double-envelope house in Georgia. They state in 
the introduction to their paper, “Offering the lure 
of unsophisticated hardware, low operating en- 
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ergy and theoretical simplicity, the earth cooling 
tube concept has been eagerly embraced by the 
energy-conscious popular media and public.” 
They conclude that earth cooling tubes do provide 
a workable method of space cooling, but that “‘the 
potential output is lower and the design difficulty 
higher than generally suspected.” They add, “‘It is 
doubtful that a typical earth cooling tube can be 
justified as a replacement for conventional air con- 
ditioning on economics alone in the near future.” 


CONCLUSIONS 


The Mastin double-envelope house, which is be- 
lieved to be generally representative in its thermal 
performance of houses of the type designed by 
Ekose’a and others, has a very low auxiliary space 
heating requirement of about 2.1 Btu per square 
foot of floor area per Fahrenheit degree-day (43 
kJ/m? °C-DD) in northern climates. This ranks it 
among the most energy-efficient new housing de- 
signs offered today in terms of heating energy 
needs. The house also remains comfortable in sum- 
mer months without need for mechanical air con- 
ditioning; this is due in part to the cool afternoon 
ocean breezes which are prevalent at the building 
site on the Rhode Island coast. 

The basis for the good thermal performance of 
double-envelope houses remains somewhat con- 
troversial. It is clear that strong circulatory flow of 
air in the convective loop does not take place, and 
that there is only asmall amount of interchange of 
heat with the ground below. We conclude that the 
low energy needs of the house are attributable 
mainly to the excellent insulative value of its dou- 
ble shell. 

The double-shell construction of the house re- 
sults in very low air infiltration, even on windy days. 
(The infiltration is readily controllable, however, 
by opening inside windows.) This leads to higher, 
more comfortable interior humidity levels during 
cold weather. The combination of low infiltration, 
comfortable humidity, and reduced body heat loss 
through radiation provides a comfortable level at 
65°F (18°C) inside air temperature which probably 
approaches that at 70°F (22°C) in conventional 
houses. Another benefit of the house is the sound 
attenuation achieved. Several people have re- 
marked that the house is unusually quiet inside, 
probably due to the surrounding air plenum and 
the heavily insulated east and west end walls. 

As compared to other thermally efficient houses, 
such as superinsulated designs and houses con- 
structed partially underground, the double-enve- 
lope house has certain aesthetic advantages. Their 
importance is subjective, depending on the inter- 
ests and priorities of the homeowner. First among 
these is the ability to provide large areas of south- 
facing glass without the usual heat loss associated 
with glazing. This is particularly desirable if the 
house site offers attractive views, as is the case with 
the Mastin house. The house also offers excellent 
natural daylighting and an attractive solarium 
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which can be enjoyed in all seasons. Further, the 
double-envelope design can maintain the living 
space temperature above freezing for extended 
periods with no auxiliary heat. This could be im- 
portant if the house is used as a vacation home. 
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The Mastin Double-Envelope House: 
Comparing The Brookhaven Results to an SLR Analysis 





By J. DOUGLAS BALCOMB 


Los Alamos National Laboratory, Los Alamos, New Mexico 87545 


In the Brookhaven National Laboratory report, 
“Case Study of the Mastin Double-Envelope 
House” (BNL-51460, May 1981), the authors take 
the right data and analyze it in a way that provides 
useful insights into the nature of the building’s per- 
formance. Furthermore, the report is both infor- 
mative and easy to read. 

As | read the report, | became curious about how 
the building might be expected to perform if it 
were treated as a simple sunspace design without 
a convective loop and how this would compare 
with the results that Brookhaven obtained. Such a 
comparison should provide further insight as to 
whether the sunspace and its associated convective 
loop is an effective passive solar element. 

In order to make the comparison, | calculated 
the heat load coefficients of the house, assuming 
that the various cavities associated with the con- 
vective loop were dead airspaces, and then per- 
formed a solar load ratio analysis using the appro- 
priate sunspace correlation for Los Alamos sun- 
space type SSB5.1, 2 | used the actual measured 
solar gains and degree-days (corrected for internal 
loads) in this analysis. | also did an annual perfor- 
mance analysis based on long-term data. My obser- 


vations based on these calculations are as follows. 


1. The following comparison is obtained between 
predicted and measured auxiliary for the 30-day 
period January 17 to February 16, 1981: 

Predicted = 2.5 x 10® Btu (732 kWh), 
Measured = 4.91 x 10° Btu (1,438 kWh). 
The difference could result either from too lit- 
tle heat storage or from stratification. As Jones 
and Dennehy acknowledge, stratification in the 
house would tend to cause the auxiliary to be 
greater than predicted since the solar heat is 

essentially not available to the lower level. 


2. The prediction yields a solar heating fraction 
(SHF) of 51% for the same period, compared to 
33% inferred from the slope of the auxiliary-vs.- 
solar least-squares fit developed by BNL. 


3. The predicted solar savings fraction (SSF) is 
16% for this period. This means that the sun- 
space would be expected to contribute 16% of 
the net heat requirements of the rest of the 
building during this period plus all the sunspace 
heat requirements. 


4. On an annual basis in a normal year an SSF of 
21% is predicted (SHF =55%) and the predicted 





This work performed under the auspices of the U.S. Department of Energy, Office of Solar Technologies. 
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annual auxiliary requirement is 19.9 x 10° Btu 
(5,828 kWh) with the thermostat set at 65°F 
(18.3°C) and the same internal heat. This is all 
predicated on a sunspace model (Los Alamos 
Type SSB5) that seems to predict somewhat bet- 
ter performance than the actual Mastin house 
achieves (as indicated in Item 1 above). The an- 
nual prediction is based on long-term average 
data for nearby Providence, Rhode Island. 


. The total load coefficients predicted by BNL 
(9,864 Btu/DD) and me (9,822 Btu/DD) are both 
substantially higher than the apparent no-solar 
load coefficient of 7,600 Btu/DD inferred from 
the BNL correlation of aux.-vs.-solar. Is this dif- 
ference due to double-envelope mystique or 
simply an overestimate of various coefficients? 
It may be due in small part to ground coupling, 
although this represents only 7-8% of the pre- 
dicted loss coefficient. | suspect that it is due in 
part to reduced infiltration because of the 
double-stage barrier. 


. BNL feels that performance was enhanced by 
blocking the convective loop based on its brief 
experiment. This also would explain the differ- 
ences observed in Items 1 and 2 above. The SHF 
implied by BNL’s measurement with the loop 
blocked is 43%, in much better agreement with 
my prediction of 51%. 


. Sunspace storage mass is much less than the 
Los Alamos reference design used for the solar 
load ratio correlation—which leads to the spec- 





Attached 


ulation that the performance should also be 
less. The effect of the decreased mass is hard 
to assess due to the direct-gain nature of solar 
penetration into the main house through the 
house sunspace glazing (or openings). Based 
on our sensitivity curves, it could easily explain 
a 10% reduction in SSF. 


. Overall, it appears that the Mastin house solar 


performance is not as good as would be pre- 
dicted, based on the sunspace model, given the 
same glazed area and building load coefficient. 
This suggests that the sunspace is not function- 
ing as well as it could. The deficiency is prob- 
ably inadequate heat storage mass and inade- 
quate solar heat distribution. | tend to agree 
with the Brookhaven conclusion that the house 
works well primarily because of its superinsu- 
lated character and not particularly because of 
solar gains or the double-envelope design. 
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Figure 4: A simple sunspace design (SSB5) at Los Alamos is used for comparison with the Mastin Double-Envelope 
House to see if the convective loop is an effective passive solar element. 
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Figure 4: The one-story Solar Building No. 5 is used as an experimental studio and classroom. 
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ABSTRACT 


MIT Solar Building No. 5 has shown that 
the overheating and glare problems associ- 
ated with many direct-gain residences can 
be overcome using three new architectural 


finish materials: (1) a superinsulating win- 
dow, (2) a glare-modulating and light-di- 
recting louver, and (3) a ceiling tile that 
stores heat latently. 


The latest 1979-80 thermal measurements 
indicated that the sun supplied 67% of the 
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building’s seasonal heating requirement 
while an additional 12% of the load was met 
by the lights. This was done by glazing only 
45% of the south wall (or 22% of the heated 
floor area) and not using movable window 
insulation. The indoor air temperature 
never exceeded 76°F (24.5°C) during the 
heating season. 

Even with Solar 5’s large window area, 
auxiliary energy use was as low as that of 
many superinsulated homes with double- 
thick walls and small windows. 
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Figure 2: The four win- 
dow bays of Solar Build- 
ing No. 5 on the MIT 
Cambridge campus 
face south. 


INTRODUCTION 


The 1979-80 MIT Solar 5 heating season regis- 
tered a more interesting thermal performance 
than the two previous monitoring seasons. 2 It was 
in the third year that the glass coated for low emis- 
sivity and higher transmissivity was substituted for 
the original heat-mirror-coated plastic used in the 
south-facing windows, and wall-to-wall carpeting 
was installed over the concrete floor slab. 

This experimental building has shown that the 
sunny winter day overheating, short carry through, 
and high glare problems associated with many di- 
rect-gain residences can be overcome with new 
architectural finish materials that emphasize their 
thermal-physical properties. Three new building 
components are demonstrated in the structure: 
(1) a view window that insulates twice as well as 
ordinary double glazing with little loss in solar 
transmission, (2) a glare-reducing and light-direct- 
ing louver, and (3) a phase change material (PCM) 
ceiling tile that regulates the interior air tempera- 
ture fluctuation by storing solar energy latently. 

The MIT Solar Building No. 5* was completed for 
monitoring purposes on January 27, 1978. Building 
materials and construction labor were paid for by 
the MIT Godfrey Cabot Fund for Solar Research. 
The 866 ft? (80.5 m2) building is a single, one-story 
space that is used as an experimental studio/class- 
room by the Department of Architecture (Figs. 1 
and 2). 

Solar heating is accomplished by directing inso- 
lation to dark-colored ceiling tiles containing a 
phase change material for thermal storage and 
temperature regulation (Fig. 3). Sunlight is placed 
on the ceiling by exceptionally narrow, upside- 
down reflectorized Venetian blinds that are fitted 
between the south-facing glazing. The blinds elim- 
inate glare without sacrificing view. Heat losses 
through the double, south-facing glazing are re- 
duced to 55% of ordinary double glazing by an 
indium-tin-oxide (ITO) coating on one side of the 


*Solar Engineers: Timothy E. Johnson, Charles C. Benton, and 
Stephen Hale. 
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two glass sheets. The coating reflects 85% of the 
room temperature infrared radiation back into the 
heated space while remaining transparent to vis- 
ible and solar radiation. The effective normal solar 
transmission (the sum of the solar transmitted and 
the absorbed heating component deposited in the 
building) of the coated glass is 81%. The overall 
effective solar transmission for the double-glazed 
system is 69%. 

The 1979-80 thermal measurements showed the 
sun provided 67% of the building’s heating re- 
quirements while an additional 12% of the load 
was supplied by internal gains from the lights. 
During this period the building was used approxi- 
mately 12 hours a week by up to eight students and 
public visitors. 


BUILDING DESCRIPTION 


The flat roof, tan stuccoed building is located at 
270 Vassar Street on the MIT Cambridge campus. 
The site, being aligned with the street, faces south- 
east. The windows are faced directly south by turn- 
ing the building within 20° of south and finishing 
the turn by serrating the southern elevation of the 
building (Fig. 4). The resulting four window bays 
contain 180 ft? (16.7 m2) of the special double glaz- 
ing. The two westernmost bays contain outside 
panes of 0.25-in. (0.32-cm) PPG Industries’ low iron 
glass** (91% normal effective solar transmission), 
and for visual comparison purposes, the two east- 
ernmost bays contain standard production double- 
strength float glass (88% normal effective solar 
transmission) furnished by PPG Industries. The in- 
side panes are standard double-strength glass 
coated with ITO on one surface. Additional natural 
light and view are furnished by two ordinary 
double-glazed casement windows of 15 ft? (1.4 m?) 
each in the north wall and one double-glazed case- 
ment of 15 ft? (1.4 m2) in the east wall. The class- 
room is entered through an unheated north-facing 
49 ft2 (4.5 m2) vestibule (Fig. 5). The 817 ft? (76 m?) 


**Trade names rather than generic terms are used in this arti- 
cle since this is a specification report of a building as built. 
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Figure 3: During the day, exceptionally narrow Venetian blinds reflect sunlight onto dark-colored ceiling tiles contain- 
ing a phase change material. At night, heat is radiated from the tiles into the room. 
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Figure 4: The site plan of the building shows the windows facing directly south while the building itself faces southeast 
and is aligned with the street. 
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Figure 5: The building is entered through a north-facing vestibule. The settees under the windows provide cabinet 
space and additional seating, and also act as thermal storage areas. 
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heated classroom has a 10-ft (3-m) ceiling. 

Heat is stored latently in the southern half of the 
tiled 817-ft2 (76-m2) ceiling and in the 88 ft2 (8.2 m2) 
of the thermal storage tiles placed on the southern 
settees. The four settees provide cabinet space for 
storage of classroom materials and additional seat- 
ing area. Heat is also stored sensibly in the .625-in. 
(1.6-cm) drywall and to some degree in the 4-in. 
(10-cm) slab under the carpet and pad. The slab is 
poured on 2 in. (5 cm) of gravel on compacted 
earth. Edge losses are minimized with 4-in. (10-cm) 
Styrofoam SM perimeter insulation. Rather than 
skirt the building with 4-ft (7.2-m)-deep board in- 
sulation, the 4-in. (10-cm)-thick insulation goes 
down only 18 in. (0.5 m) to the depth of the perim- 
eter’s 18 x 18 in. (.5 x .5m) concrete piers and then 
extends outward 3 ft (7 m) horizontally below 
grade (Fig. 6). The soil heat conduction paths are 
just as long as the paths in the conventional full- 
vertical sections, but excavation costs are mini- 
mized by using the 90° turn system. No frost heav- 
ing was observed during this heating season. 

Because of the Cambridge fire codes, the build- 
ing was framed with 18-gauge Wheeling steel stud- 
ding rather than wood. The studding was joined 
with sheet metal screws so future alterations could 
be easily accomplished. The thermal bridging in 
the 2x 6in. (5 x 15 m) steel studs and 12-in. (30-cm) 
sheet metal ceiling joists was brought under con- 
trol with exterior board insulation. The exterior 
walls are made up of .5-in. (1.3-cm) exterior gyp- 
sum, 1-in. (2.5-cm) Styrofoam and a proprietary 
fiberglass reinforced stucco weather skin called 
Dryvit. The Dryvit forms a continuous membrane 
that cuts down infiltration losses. The ceiling joists 
are covered with steel decking, 2-in. (5-cm) of Sty- 
rofoam, and a built-up tar and felt roof (Fig. 6). All 
this exterior insulation makes the steel behave 
thermally like wood. The bulk of the insulation is 
accomplished with 6-in. (15-cm) fiberglass batt in 
the walls and 11 in. (28 cm) in the ceiling. Vapor 
barriers are used throughout the building. The 
walls are double-caulked at the foundation andthe 
soffit to minimize infiltration. Measured nighttime 
winter thermal losses due to infiltration and con- 
duction are 270 Btu/h °F (142 W/°C) or 7.48 Btu/ft? 
°F-DD (42 Wh/m2 °C-DD). 

The measured infiltration rate varied between 
.33 and .50 air changes per hour as determined by 
several wintertime experiments using sulphur 
hexaflouride as a tracer gas. The total measured 
heat conduction coefficient of 270 Btu/h °F (142 
W/°C) represents a thermal load that is typical of 
energy-conserving, single-family, detached hous- 
ing for the Boston area, even though the building 
has twice as much glass as most ordinary homes of 
comparable area. Housing and Urban Develop- 
ment minimum property standards (HUD MPS) 
state that asingle-family, detached residence in the 
Boston area should exhibit aload less than or equal 
to 7.1 Btu/ft2°F-DD (40 Wh/m2°C-DD) based on an 
average living area of 1,600 ft? (149 m2). Even 
though insulation levels are high, the Solar 5 ther- 
mal load of 7.48 Btu/ft? °F-DD (42 Wh/m?°C-DD) is 
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slightly higher due to the larger surface-to-volume 
ratio encountered in a smaller building of the Solar 
aly DG. 

One of the goals of this experiment is to show 
that multiple-family housing can be solar heated 
using the three new building materials. In fact, the 
roof of the MIT Solar 5 building is flat and window- 
less to demonstrate that another living unit could 
be placed on top of Solar 5 without affecting the 
solar heating fraction. 


NEW MATERIALS DESCRIPTION 


Each of the three new materials demonstrated in 
the Solar 5 Building emphasizes various thermal- 
physical properties necessary to accomplish com- 
fortable, direct-gain solar heating. 


Selective Transmitter 


The southern windows are actually a composite 
of several materials. The assembly, working from 
the outside in, is .125-in. (.32-cm)-thick float glass 
(furnished by PPG Industries), a .75-in. (1.9-cm) air 
gap, modified Venetian blinds (fabricated by Rol- 
screen Co.), and float glass coated with ITO on the 
side facing the blinds. The overall calculated heat 
conductance (U-value) for the glazing assembly 
with the blinds open is 0.32 Btu/ft2 h °F (1.82 W/m? 
yi) 

The major insulating effect is caused by the ITO 
selective transmitter developed by Airco Temescal 
Inc., of Berkeley, California. The coating has an 
emissivity in the thermal radiation region of 15% 
and a 75% transparency to normal solar radiation 
when deposited on .125-in. (.32-cm)-thick glass. 
Effective solar transmission increases to 81% when 
accounting for the absorption heating effect. The 
coating acts as a selective transmitter of radiation. 
The atoms in the coating are arranged in such a 
way that the short-wave radiation (solar energy) 
can get through, but the returning long-wave radi- 
ation (thermal radiation emitted as infrared from 
the interior building surfaces) cannot pass (Fig. 7). 
The returning thermal energy is actually reflected 
into the room by the low-emissivity surface if the 
coating is placed on the room side of the glass. 
With the coating facing the air gap as it is in Solar 
5, energy cannot leave the surface as radiation be- 
cause of the low-emissivity surface. This promotes 
greater thermal comfort because the room side of 
the glass rises in temperature as it absorbs the ther- 
mal radiation. Up to 60% of the heat loss through 
normal windows is due to radiation (via absorption 
and re-emission of infrared, IR). The heat mirror 
stops 85% of this radiation. 

The ITO coating is corrosion resistant and may 
be cleaned manually with ordinary window clean- 
ers. The window cavity is vented to the outside to 
prevent condensation, so the coating has been ex- 
posed to the atmosphere for more than two years. 
Some fogging has occurred, but only on the inside 
of the outside pane. No liquid has come in contact 
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4.) solar tiles 
2.) 6 in. fiberglass insulation 
3.) 6 mil. vapor barrier on studs 
4.) .5 in. gyp board (painted) 
5.) 6 in. 18 gauge metal studs 
6.) 1 in. rigid insulation with Drywit exterior stucco finish 
7.) finished slab surface 
8.) rigid insulation at perimeter of slab (Styrofoam SM type) 
9.) pea gravel fill 
10.) bituminous foundation sealer coat 
41.) Afco rubber joint flashing 
12.) 5 in. exterior grade plywood 
43.) 26 gauge galvanized steel facia and drip (painted) 
14.) two Gin. layers of fiberglass insulation. Upper batt wrapped 
in 6 mil. vapor barrier 
15.) 12 in. light gauge steel joists 
16.) 2 in. rigid insulation 
17.) 4-ply built up roofing 
18.) pre-fab gravel stop 
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Figure 6: A cross section of the roof, a concrete pier, and the foundation shows typical constuction. 
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with the ITO coating except during cleaning. No 
corrosion is evident at the time of this writing. 


Light-Directing Louvers 


Insolation is directed to the dark blue ceiling 
tiles by reflecting louvers placed in the southern 
windows. The movable louvers are designed to 
minimize interference with views while offering 
the occupant control over the visual environment. 
While remaining fixed, the louvers accept a wide 
range of solar profile angles. This particular design 
requires only six adjustments during the heating 
season to keep all reflected solar energy on the 
ceiling. Large area source glare and glare due to 
high light intensity ratios at the floor are eliminated 
by the louvers since sunlight is reflected harmlessly 
over the occupants’ heads. The slats are narrower 
than normal (.68 vs. 1.0 in. or 1.73 vs. 2.5 cm) and 
give the occupant the impression of a screened 
view rather than a striped one. The louver spacing 
is closer than usual to keep sunlight from filtering 
through to the floor. The louver cross section is a 
simple arc to facilitate fabrication. Geometric op- 
timization studies? show a single arc radius will 
work throughout the U.S. latitudes, but at least two 
different slat spacings will be required. 

The top surface of the louvers is reflectorized 
with aluminized Mylar attached by pressure-sensi- 
tive adhesive. Rolscreen plans to market the lou- 
vers with an integral reflectorized surface to over- 
come possible delamination problems. Such alou- 
ver has recently been placed on the market in the 
U.S.* and Sweden at costs comparable to ordinary 
slats. Sunlight nominally leaves the louvers at a 
30° angle to the horizontal, but some rays reach a 
maximum angle of 70°. This causes a higher light 
intensity near the south edge of the ceiling. The 
louvers are faced directly south so the solar profile 
angle variation is minimized. The louver section 
can readily accept a 5° to 7° variation in solar pro- 
file angle without readjustment. This means the 


*C_M.1., Andover, Mass. 
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300 K blackbody 
Infrared spectrum 


100 Figure 7: Schematic diagram 


shows a generalized spectrum of 
solar radiation (sunlight) with 
wavelengths of 0.3 to 2 microns 
and a typical infrared spectrum 
such as might be generated by 
heated surfaces near room 
temperatures. Such an infrared 
spectrum, roughly symmetrical 
around a peak wavelength of 10 
microns, can be represented 

by a radiant blackbody at 300 
Kelvin. The ideal heat mirror trans- 
mits all sunlight (shortwave radi- 
ation), but blocks infrared fre- 
quencies near room tempera- 
ture. A typical practical heat 
mirror as shown by the curve 

0 may transmit 85% of the sunlight 
while only transmitting 10% of 
lower radiation frequencies. 
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electromagnetic energy transmitted 


Approximate percent of 


louvers need only be adjusted about once every 
three weeks to compensate for the seasonal move- 
ment of the sun, unless visual privacy is required 
at night. The rotational adjustment is simple; the 
blinds are rotated by a thumbwheel until sunlight 
disappears from the floor. 

The only problem encountered with the blinds 
has been the polyester cord ladders that support 
the blades. Six of the eight ladders have stretched 
so that the bottom blades are no longer parallel to 
the top blades. This means some sun rays are be- 
ginning to strike people in the eyes. The problem 
is being investigated by Rolscreen. 


Ceiling Thermal Storage Tiles 


The polymer concrete ceiling tiles, 2 ft (0.67 m) 
square and only 1.25-in. (3.2-cm)-thick, are the 
storage component of the system. The tile core is 
filled with a dispersion of 38% sodium sulphate, 
43.3% water, 3.4% Cab-O-Sil fumed silica, 2.6% 
borax, and 7.6% sodium chloride. This .75-in. (7.9- 
cm)-thick core stores a day’s heat and then releases 
the retained heat as needed. Because the core 
stores heat latently at 73°F (23°C), it maintains 
nearly a constant room temperature and thus pre- 
vents wintertime overheating, which normally 
leads to wasted heat. At night, as the outside tem- 
perature drops, the chemical core sealed within 
the tile parcels out enough heat to maintain room 
temperature near its daytime level. The core, 
therefore, acts as a built-in thermostat to stabilize 
the temperature in the room. The magnitude of 
this thermostat effect was readily demonstrated 
during the last days of construction when the 
building was complete, except for the ceiling tiles. 
Before the tiles were installed, the space peaked at 
86°F (30°C) during sunny February days. After the 
tiles were installed, the space never exceeded 74°F 
(23.4°C). Figure 8 shows typical room air and tile 
core temperatures over a 24-hour period bordered 
with two sunny days. 

The room air temperature is measured at the 5-ft 
(1.5-m) level near the thermostat mounted at the 
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Figure 8: The tile and room temperatures from noon of Feb. 25 to noon of Feb. 26, 1978, are shown here. 


southeast corner of the building. The ceiling tile 
core temperature is measured with a thermistor 
cast in place at the lower interface between the 
modified Glauber’s salt and the polymer concrete. 
The ceiling tile is located at the center of the build- 
ing and 2 ft (0.67 m) away from the south windows. 
The tile temperature profile does not show much 
of a plateau at the phase change temperature since 
the growing crystal front offers an increasing resis- 
tance to heat flow. 

During the day, the solar heat flux is greater than 
the melting crystal front can accept, so the tile tem- 
perature exceeds the melting point of the modified 
Glauber’s salts. Although the tile reaches tempera- 
tures in the mid 80s °F (30s°C), this temperature is 
much lower than temperatures for ordinary ma- 
sonry products in similar solar exposure situations. 
During the night, two-thirds of the heat is trans- 
ferred to the space by radiation, and one-third by 
convection. Although warm air tends to stratify at 
the ceiling, convection currents induced by infil- 
tration and incandescent bulbs remove some heat 
from the ceiling by mass transfer. 

The phase change temperature can be adjusted 
by the amount of sodium chloride added. Ob- 
viously, if the temperature is set too high, over- 
heating will occur during the day, and if set too 
low, underheating will occur at night. The eutectic 
formed by the salt is less efficient than pure Glau- 
ber’s salt. The tile stores 200 Btu/ft2 (637 Wh/m2) 
over a 10°F (5.5°C) swing (most of the heat is re- 
leased over the interior 5°F, or 2.8°C, swing) and 
weighs 11 Ib/ft? (54 kg/m?). Out of the total, the 
salts contribute 6 Ib/ft? (29 kg/m2). Calorimeter 
tests both by MIT and Brookhaven National Labor- 
atories show the salts release 33 Btu/Ib (21 Wh/kg) 
over a 5°F (2.8°C) swing. Measurements of pure 
Glauber’s salts thickened with Cab-O-Sil, or Min- 
u-Gel as Dr. Maria Telkes uses, show up to to 50 
Btu/lb (32 Wh/kg) after several hundred freeze- 
thaw cycles. The 17 Btu/Ib (11 Wh/kg) difference is 
due to the addition of NaCl. Small vials of the MIT 
dispersion have been stepped through more than 
5,000 freeze-thaw cycles without any signs of ther- 
mal aging. This is equivalent to over 25 years of op- 
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eration in a residential environment. The well- 
known aging problem has been overcome by 
packaging the salts in two adjacent .375-in. (.95-cm) 
layers that are thin enough to allow crystal growth 
by diffusion. However, some free solution would 
still be present unless the Cab-O-Sil were added. 
Conversely, thicker layers will separate even with 
the Cab-O-Sil added. Cab-O-Sil was used because 
it forms a three-dimensional, interlocking matrix 
that holds the material in suspension. The tiles can 
only be installed in horizontal positions (floors, 
ceilings, settees, etc.) since any angular mounting 
would introduce a hydrostatic head in the salt that 
would cause separation of the material. 

The salts are packaged in a bag formed from 1 mil 
(.025 mm) aluminum foil laminated on both sides 
with 2 mil polymer composites. The bag is heat 
sealed with an inner polyethylene divider to form 
the two .375 in. (.95 cm) compartments. The alum- 
inum is used to prevent water permeation over 
the years. The polyethylene protects the aluminum 
from corrosion. The chemical core was developed 
at MIT and produced for the MIT demonstration 
facility by the Cab-O-Sil Division of Cabot Corpor- 
ation in their Billerica, Massachusetts, research lab- 
oratories. The puncture-proof bag and PCM con- 
tents are currently sold by CMI of Andover, Massa- 
chusetts, at $2.10/ft2 ($22.60/m2) in large quantities. 

The .25-in. (.62-cm)-thick polymer concrete tile 
casing forms a self-supporting, heat-conducting 
envelope capable of withstanding foot traffic in 
flooring applications. The tiles were developed at 
MIT with the assistance of Architectural Research 
Corporation (ARC) of Livonia, Michigan. ARC cur- 
rently markets the tiles at $10/ft2 ($108/m2). The 
2 ft x 2 ft x 1.25 in. (.67 m x .67 m x 3.2 cm) tiles are 
placed in the ceiling by suspending them between 
the flanges of 12-in. (30-cm) sheet metal joists 
mounted on 24-in. (61-cm) centers. The tiles can 
also be mounted in heavy-duty suspended ceiling 
systems, provided the wire hanger spacing is de- 
creased. At 11 Ib/ft? (54 kg/m?) the tiles are 20-30% 
heavier than a plaster ceiling, which means the 
tiles can only be used as a retrofit in structures built 
to take the weight. 
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No tile warping has occurred. Three tiles out of 
the 257 installed in the ceiling and settees have 
leaked. The leaks occurred in the top surface of a 
ceiling tile because excessive air entrainment in 
the polymer concrete of those particular tiles cre- 
ated an open cell structure. This problem has been 
corrected by ARC. After one anda half years of op- 
eration, one tile was broken open in the frozen 
state for study. No free solution was observed and 
no corrosion had occurred in the aluminum foil 
barrier. 


MEASUREMENTS AND EXPERIMENTS 


The 1979-80 heating season performance was 
measured by recording temperature differences 
between indoors and the ambient air and record- 
ing the energy used by the baseboard auxiliary 
heaters and the lights. The building heat loss rate 
for an average temperature differential of 20°F 
(11.1°C) was measured experimentally by record- 
ing indoor and outdoor temperatures and auxiliary 
heating use on those nights following two consec- 
utive cloudy days (after all stored solar energy had 
been exhausted from the building). With this in- 
formation it is possible to calculate the gross heat- 
ing load for the building at a measured tempera- 
ture difference. 


SOLAR PARTICIPATION 


Table 1 shows the calculated heating loads, along 
with measured lighting and auxiliary energy use. 
Internal gains from the occupants were not mea- 
sured. The energy added by people could not have 
exceeded 12% of the lighting energy, based on the 
known attendance figures. Most of this energy was 
vented to the outside by the accompanying open- 
ing and closing of doors (any one occupant did not 
stay more than two hours). The difference between 
the building load and the sum of the internal gains 
and auxiliary gains represents the solar intake. The 
“% Gross” column represents the percentage of 
the gross load met by solar. The ““% Net” shows the 
percentage of the normal electric baseboard 
heater load that was met by the sun (the remaining 
energy is supplied by the lights). Although the ta- 
ble shows 67% of the net load was met by the sun, 
at least 70% would be furnished by the sun if the 
heating season had normal solar exposures. These 
percentages represent real savings, because even 
though the building’s glass area is twice normal, 
the glass insulates nearly twice as well as double 
glazing so losses remain the same. The most re- 
vealing figure is the season’s auxiliary energy use. 
The heating total was 2,879 kWh for a 817 ft? (76 m7?) 
heated area or 2.16 Btu/ft?°F-DD. This is as good as 
many superinsulated homes that depend on dou- 
ble-thick walls and small windows to lower energy 
consumption. MIT Solar 5 shows the more open 
direct-gain solar heating approach is equivalent to 
the defensive superinsulated approach in conserv- 
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ing energy while satisfying our primal ties to the 
outdoors. 

The ITO window system is nearly comparable to 
R-6 (1.06 m2 k/W) nighttime insulation used with 
ordinary double glazing. The “% Gross” or “% 
Net” figure would rise by one percentage point if 
the nighttime insulation were used rigorously in- 
stead of the ITO system. The “% Net” figure would 
be lowered to 58% if ordinary double glazing were 
used instead of ITO-coated glass. 


EFFECT OF CARPETING 


When Solar 5 was first built, the concrete floor 
slab was left exposed so it would act as a back-up 
thermal storage element in case the tiles failed. 
Even though sunlight never reached the floor, the 
floor absorbed diffuse solar energy and infrared 
energy transferred from the warm ceiling. Once it 
was determined the tiles were doing their job, it 
became time to test the thermal effect of wall-to- 
wall carpeting. One of the major advantages of the 
Solar 5 approach to direct-gain solar heating is that 
the ceiling tiles free up the floor for more prosaic 
uses. 

When the wall-to-wall carpeting was finally in- 
stalled at the beginning of the 1979-80 heating sea- 
son, there was concern the space might overheat 
during sunny winter days now that the concrete 
floor slab was no longer in radiant contact with the 
solar illuminated ceiling. Measurements showed 
that at no time did the indoor air temperature ex- 
ceed 76°F (24.5°C). Before the carpet was installed, 
maximum air temperature reached 74°F (23.3°C). 
Thermistors buried in the drywall, ceiling tiles, and 
concrete slab showed the reduced participation 
of the slab was nearly made up by increased par- 


MIT Solar Building No. 5: 
1979-80 Heating Season (kWh) 


Lights Auxiliary Load Solar % % 
Used Gross Net 








Sept. 0 Ot 1567 99156 100 100 
Och 0 ORRL 267-2267 100 ‘100 
Nov. 129 OF 1082051.953 88 100 
Dec. 216 793° 1928" ~°959 50 56 
Jan. 194 907 2167 1069 49 54 
Feb. 237 602 1862 1023 55 63 
March 236 572 1448 640 44 53 
April ATE 45 765 543 74 92 
May 0 On ier 162 100 100 





Total 1186 25/9 1 9027 ole 59 67 


“Estimated load assuming ITO glass in place (ITO Heat Mirror 
installed January 2, 1980). 

January and December had approximately 14% more sun 
than normal; March had 40% less sun than normal. The sea- 
son degree-days were nearly normal. (1 kWh = 3,413 Btu.) 


Table 4: Heating loads, lighting, and auxiliary energy 
are calculated here. 
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ticipation of the ceiling tiles and drywall. The par- 
ticipation of the phase change tiles increased by 
15% and the gypsum walls picked up 50% in their 
thermal participation once the rug and pad were 
installed. The ceiling tiles store six times as much 
energy as the .625-in. (1.6-cm) gypsum walls, while 
the rug-insulated slab stores approximately 80% of 
the energy stored in the walls. 


SUMMER COOLING 


The building is cooled in the summer by mas- 
sive nocturnal cross ventilation. This is accom- 
plished by opening the four ventilator doors on the 
south side of the building and three on the north- 
facing casement windows. Using the SF, gas detec- 
tor, it was determined that with all the windows 
and ventilator doors open, and with a 5 mph 
breeze, the quantity of air movement through the 
building was equal to about 7.5 air changes per 
hour. This is equal to about 65,000 ft3/h, or about 
1,000 ft?/min (472 L/s). 

This air movement will eventually cool down the 
internal surfaces to the early morning air tempera- 
tures (typically 65°F, or 78°C). During the day, the 
ventilator doors are closed, and the casements are 
left open a crack for ventilation. The blinds are set 
so direct sunlight is reflected to the outside. The in- 
itially cool building masses then soak up the day’s 
heat. This management procedure resulted in in- 
terior peak room air temperatures that ran 8°F 
(-13.3°C) below peak outdoor temperatures. This is 
not regarded as remarkable performance. Some of 
the heat added to the room comes from heat ab- 
sorbed in the low-emissivity glass which radiates 
into the room. Also, there are no shade trees over 
the roof, which would be helpful in any situation. 
Given normal landscaping, it is felt the building 
would perform acceptably in a Boston climate. 


USER REACTION 


The building was used by two distinct groups: 
students and the general public. The only thermal 
complaints were registered by most of the students 
on two different cold winter nights. The students 
felt cold in certain areas of the space when the 
air temperatures were 61°-62°F (16.0°-16.7°C). 
Normally the radiantly heated ceiling would com- 
pensate for these low temperatures. About half 
the people felt the space was stuffy (due to the low 
infiltration rates and relatively small volume). 

The natural daylighting was deemed very plea- 
sant during sunny hours. Task lighting was neces- 
sary for the students at their drawing boards on 
most overcast days. The lighting proved to be even 
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and shadowless. Visitors were pleasantly surprised 
by the view afforded by the narrow louvers and 
remarked their opinion of Venetian blinds had 
been altered by the visit. Although glare was great- 
ly reduced, some public visitors complained of 
the remaining glare. Subsequent questioning 
showed most of the complaints were due to reflec- 
tions produced by the cars in the adjoining parking 
lot. 

The dark-colored ceiling received many com- 
plaints when viewed during the day—surprising 
not because of its tone, but because of its color. 
Most of the complainers did not approve of blue, 
but would have accepted an equally dark green or 
terra cotta. A very small percentage of the visitors 
would not accept any dark ceiling. 

The nighttime lighting scheme was a failure; a 
subject of nearly universal complaint. The room 
was lit by ten wall washers (a wall fixture that throws 
light up and down the white wall) and by eight 
down lights over the south windows, using a total 
of 2,200 watts. The ceiling absorbed enough light to 
make the room feel dark (slightly less than 3 fc). 
One possible solution to this problem is using one 
or two central ceiling fixtures instead of the wall 
washers. A central fixture would not interfere with 
solar collection since only the front half of the ceil- 
ing participates. 


CONCLUSIONS 


All of the materials demonstrated in the MIT So- 
lar Building No. 5 are either on the market or be- 
ginning to reach the market. Even the early pricing 
structures indicate these materials will make pas- 
sive solar heating using direct-gain principles in- 
expensive and architecturally pleasing. Overheat- 
ing and glare need not be a concern when using 
this approach, which reduces auxiliary energy use 
to levels associated with superinsulated homes. 
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his is an important and use- 
T ful text for designers who 

wish to produce solar-con- 
scious buildings that work and 
who wish to calculate the ex- 
pected cost advantages of various 
solar and heat-conserving mea- 
sures. It was written by Ralph 
Lebens and first published in 
London, but the author, whose 
graduate degree in architecture 


Reviewed by Robert O. Smith, 


founding Board Member of the 
Passive Systems Division. Robert 
O. Smith Heating and Solar En- 
gineers at 55 Chester Street, New- 
ton, Massachusetts, provide en- 
gineering and teaching services 
to the design community. 


is from the Massachusetts Insti- 
tute of Technology, is very famil- 
iar with both U.S. and foreign 
applications. 

Although in book format, this 
design manual provides several 
specific tools: 


e A comparative review of pas- 
sive solar design principles. 


e A chapter on design steps with 
explanations, equations and 
rules-of-thumb for quantify- 
ing the effects of such design 


Here's help for 


small offices 
and others 


Passive Solar Heating Design. 
Ralph M. Lebens, John Wiley 
& Sons, New Jersey, 1980. 
234 pp., illus. $54.95. 
Published in London by 
Applied Science Pub- 

lishers, Ltd. 


elements as mass and aperture. 
It includes sections on how to 
calculate cost-benefit ratios 
and how to monitor thermal 
performance of the finished 
building. This chapter is the 
essence of the book. 


e A worked out, step-by-step 
example of how to predict 
performance for a passive solar 
building. The carefully ex- 
plained input data, would be 
useful to designers who could 
not easily find their own values. 


@ Three fully documented pro- 
grams for use with the Texas 
Instruments TI-59 program- 
mable calculator with printer. 


The three programs include 
passive simulation to predict in- 
door temperatures and the auxil- 
iary heating and cooling required 
to maintain thermostat settings. 
The values are produced for only 
one zone and one twenty-four 
hour day; the hourly values listed 
on paper tape are the time begin- 
ning at midnight, ambient tem- 
perature, solar gain, auxiliary en- 
ergy required or surplus, cu- 
mulative auxiliary energy, and 
the temperatures at seven se- 
lected locations within the 
building or structural fabric. 


They also include a simpler 
passive design program which 
calculates the maximum room 
air temperatures expected in a 
direct gain zone, but only on a 
clear day on the equinox dates. 
This gives maximum tempera- 
tures for eight consecutive hours 
and the number of hours of ther- 
mal carry-through resulting from 
this stored solar heat. 


The third, a cost load program, 
calculates cost-benefit ratios and 
payback periods for specific pro- 
posed changes to a standard or 
base-case design. Incidental out- 
puts are the balance-point tem- 
perature, heating load and heat- 
ing cost. 


The book contains complete 
listings of its program instruc- 
tions. Most software vendors sell 
only protected (copy-proof) pro- 
grams. The book would be bet- 
ter, though, if these programs 
were also listed in BASIC for use 
On microprocessors. 

The book introduces the fun- 
damental design principles 
which are necessary for accuracy 
in thermal calculations, including 
heating degree days based upon 
balance-point temperature; pro- 
portioning of solar gain into in- 
door air, storage masses and back 
to the outdoors; and quantifica- 
tion of the effects of solar shad- 
ing, aperture, tilt and azimuth. 
Both English and metric units are 
given. 

The careful consideration and 
fairly rigorous quantitative treat- 
ment given to these principles, 
to heat loss and to internal gains 
enable the reader to obtain more 
believable cost-benefit estimates 
for alternative design features 
than could be obtained from the 
rules-of-thumb and correlative 
methods widely available in the 
passive design literature. 

The text does have weaknesses. 
The core chapter of 97 pages is 
divided into twenty topics; more 
sections in a different arrange- 
ment would have produced a 
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more convenient designers’ 
manual. Some of the subjects 
need to be explained more clear- 
ly. Instead of one incomplete in- 
dex, three—to topics, projects 
and people mentioned—would 
make the book more helpful. 


Even so, this book should be 
useful. Those who work in very 
small design offices should find 
it helpful since the book makes 
extensive use of a relatively in- 
expensive programmable calcu- 
lator. Other books are available 
which treat the same process, but 
they do not handle it with the 
rigor and completeness here. 


There are two main competing 
proprietary calculator programs 
called PEGFIX/PEGFLOAT and 
TEANET which are very similar to 
the design and simulation pro- 
grams listed in the book. These 
programs with manuals and pre- 
pared magnetic cards cost $75 
and $95, respectively. Although 
they share some additional con- 
veniences not present in Lebens’ 
programs, an estimate of carry- 
through time is not part of PEG- 
FIX/PEGFLOAT. On the other 
hand, PEGFIX/PEGFLOAT has 
other features such as the 
amount of auxiliary energy re- 
quired to maintain a thermostat 
setting; the air exhaust rate 
needed to maintain a thermostat 
setting in an overheating space; 
and temperature and auxiliary 
heating or cooling energy values 
for each of twenty-four consecu- 
tive hours. 

The proprietary programs in- 
clude convenient input and out- 
put worksheets which speed 
their use. These are not provided 
with Lebens’ programs. 

The price of $54.95 may seem 
somewhat high, but it is consid- 
erably lower than the prices 
charged for most competing pro- 
prietary programs. Although 
parts of this book duplicate 
methods available elsewhere, 
there are enough extras that 
Passive Solar Heating Design 
should find its own niche in the 
design community. 0 
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sion owe much to William 
Shurcliff. He has added signifi- 
cantly to the solar literature and is 
a testament to the notion that 
someone of emeritus status can 
remain vibrant and productive. 
With regard to his recent Air-to- 
Air Heat Exchangers for Houses, 
however, someone should find 
him an editor. 

Air-to-Air Heat Exchangers for 
Houses sets Out to explore asub- 
ject we should examine more 
closely: the use of these devices 
to solve the problem of poor in- 
door air quality resulting from 
household pollutants or outgas- 
sing from certain foundation 
soils. Air-to-air heat exchangers 
use blowers and heat exchange 
surfaces to transfer heat between 
outgoing and incoming air, 
bringing fresh, healthy air in- 
doors while minimizing winter 
heat loss or summer heat gain. 
They are of particular importance 
in superinsulated, airtight houses; 
however, relatively “loose’”’ 
houses may have unhealthy in- 


olar enthusiasts of technical 
or not-so-technical persua- 


Reviewed by Russell G. Derick- 


son, an independent solar 
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A book that 


too few 
will use 


Air-to-Air Heat Exchangers 
for Houses. William A. Shur- 
cliff. Brick House, Andover, 
Mass., 1981. 187 pp., $17.95. 


door air if they are built on soils 
with high levels of radon, or if 
residents use appliances with 
noxious combustion products. 

Shurcliff’s cover describes the 
book as a “guide to principles, 
performance, and cost” of heat 
exchangers and a “directory of 
manufacturers, suppliers, and 
experts.”’ Also included is a “‘sur- 
vey of indoor air pollutants.” As 
a directory and a survey of pollu- 
tants, the book does fairly well. 
As a guide to principles of heat 
exchangers, some major rework- 
ing is necessary. 

Despite the apparent intention 
of addressing architects, builders, 
and homeowners, only people 
with knowledge of thermody- 
namics and physics at the college 
level can digest the whole book. 
At that, the technical presenta- 
tion is uneven, ranging from the 
very complicated to the very sim- 
plistic, with much of the informa- 
tion scattered. For example, lam- 
inar and turbulent air flows are 
discussed using terms and equa- 
tions which will lose the nontech- 
nical reader, while the topic of 
how to calculate convective heat 
transport is never completed. 
The hopeful reader is chased to 
a distant chapter, then directed 
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to Work Heat Transfer by Chap- 
man (Macmillan), which is a book 
for engineers. 


A better approach would have 
been to package the facts in a 
simpler, purely descriptive for- 
mat aimed primarily at a non- 
technical audience, adding ap- 
pendices to satisfy the needs of 
the technical reader. 

As it stands, this book buries 
many important and timely bits of 
information about indoor air pol- 
lution, heat exchangers, and 
energy-efficient housing. For ex- 
ample, one learns on page 10.09 
that inflow and outflow rates of 
exchangers should generally be 
equal, but this important fact is 
neither underscored nor in- 
cluded in a chapter summary. In 
fact, there are no chapter sum- 
maries. Likewise, barely notice- 
able at the bottom of page 11.21 
is the statement that no manufac- 
turer provides information on his 
product’s efficiency when latent 
heat exchange is involved. 


On the other hand, the reader 
is confronted with the “great 
embarrassment concerning en- 
ergy” (i.e., the difficulty of de- 
termining absolute values) and 
the “error of calling infrared 
radiation, ‘heat’,’ neither of 
which strengthens his grasp of 
heat exchangers, no matter how 
interesting it may be. Some day 
Shurcliff should write a book on 
scientific tidbits, a sort of “What 
You Always Wanted to Know 
About the Paradoxes and Quirks 
of Science, But Were Afraid to 
Ask.” That is where such infor- 
mation belongs. 

Nor can one always find the in- 
formation even if one looks hard. 
Like Shurcliff’s better edited, 
identically titled article in the 
March 1982 issue of Solar Age, 
the book frequently raises ques- 
tions it makes little or no attempt 
to answer. 

Air-to-air heat exchangers 
make sense mainly for airtight 
houses, but the reader is not 
given information on how to re- 
duce infiltration, or what the risks 


are. The reader also needs to be 
told that tight construction re- 
quires an unusual amount of at- 
tention to detail from builders; 
if the attention is lacking, the 
house may not have reduced in- 
filtration and the reader’s con- 
cern about air quality—or acqui- 
sition of an exchanger—may be 
unwarranted. 

Then there is Shurcliff’s treat- 
ment of indoor air pollution, an 
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issue that has been receiving in- 
creasingly urgent attention re- 
cently. 

The International Symposium 
on Indoor Air Pollution, Health, 
and Energy Conservation held in 
Amherst, Massachusetts, in No- 
vember 1981, pointed to the 
combustion products of the com- 
monly used gas range as a poten- 
tial cause of respiratory illness, 
especially in young children. 
Stand-alone, unvented kerosene 
heaters likewise generate harm- 
ful by-products. Radon outgas- 
sing from the soil beneath a 
house, which then seeps upward 
into the living space, is a serious 
threat to health. The list goes on 
and on. 

Shurcliff assumes a “surge of 
interest’ and knowledge on the 
part of architects, builders, and 
homeowners regarding indoor 
air pollution and heat exchangers. 
In my experience, such optimism 
is unwarranted. 

The book covers the types of 
pollutants quite well, especially 
radon gas, which has deleterious 


effects that may not appear for 
10 to 40 years after exposure. This 
sort of information needs to be 
brought to public attention, es- 
pecially in view of the increasing 
evidence of high pollutant levels 
in all modern housing. | am 
afraid, however, that Air-to-Air 
Heat Exchangers for Houses will 
not find its way into the average 
person’s hands if it remains in its 
present form. 

Even as an engineer, after read- 
ing the book | am left with much 
confusion and several batches of 
questions: Why does exchanger 
efficiency drop dramatically with 
lower outside temperatures? If, 
as Shurcliff suggests, blower 
power is reduced during extreme 
cold, what are the implications 
for tight houses in Canada and 
the northern United States? Must 
indoor air quality suffer under 
these circumstances? What is 
meant by a “‘tight’”” house? The 
term is never quantified, even 
roughly, in terms of air change 
rate. 

Many times Shurcliff provides 
only conjecture on such things as 
why a rotary exchanger may be 
better than a fixed type or on how 
to size an exchanger. Are these 
issues that complicated or intrac- 
table? Are there not some useful 
rules of thumb which could be 
set forth? Perhaps the technology 
is not well enough developed for 
us to use exchangers on a wide- 
scale basis. 


Finally, Shurcliff mentions in 
his introduction that the pre- 
sented information may have 
“serious errors of fact’’ and that 
one should not rely on “any spe- 
cific statement without making 
independent confirmation.” This 
is a cop-out. | did not discover 
any serious errors (not to say that 
there are none), but the book 
does commit sins of omission. 


Air-to-Air Heat Exchangers for 
Houses, as presently structured, 
is a book that too few will find 
useful. This is a shame consider- 
ing the importance and timeli- 
ness of the subject matter. O 
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A Proposed Review Process 





By WILLIAM A. WRIGHT 


Design Tools Review Editor 


ver the last two years it 
has become clear that 
low energy buildings are 


possible, and that passive solar 
methods are an important part of 
the designer’s bag of tricks. As 
the lure of low energy design has 
penetrated more and more of the 
building design community, a 
strong hunger for objective in- 
formation on design tools has be- 
come evident. 

During the same two year per- 
iod there has been intense activ- 
ity in the development of tools 
which attempt to predict the 
comfort, performance, and cost 
produced by passive solar design. 
Unfortunately, the current chan- 
nels of dissemination (word of 
mouth and conferences) are fre- 
quently incomplete and as a re- 
sult, tool developers are at least 
as frustrated as designers. 

This journal intends to help fill 
the need for objective review by 
regularly conducting design tool 
evaluations and by reporting the 
results for as many tools as often 
as space and the volunteer pro- 
cess allow. Peer review:is the only 
respected reference source for 
tools, so the procedure proposed 
here is based on synthesis of re- 
view information from four dif- 
ferent, but professional points of 
view. 


METHODS 


The proposed review process 
has been written and published 
here both to subject the process 
itself to peer review and to pro- 
vide a fairly complete back- 
ground of thinking in this rela- 
tively new and_ occasionally 
treacherous area. Little has been 


published in the area of tool re- 
view, although the DOE Passive 
Program did survey designer 
needs and preferences. The In- 
ternational Energy Agency (IEA) 
has recently begun a multiyear, 
multitask program which devel- 
ops a review process for passive 
design tools. The IEA passive de- 
sign tool task is oriented toward 
selection of tools appropriate to 
each of the three design phases. 
In contrast to that effort, the re- 
view process described here is in- 
tended to regularly publish re- 
views on a wide range of tools. 
This article presents an attempt to 
organize a dispassionate pro- 
cedure which would reliably re- 
port to designers on a regular 
basis. 

While reviews by organizations 
such as ASHRAE have consisted 
primarily of algorithm endorse- 
ment, it is clear that a review 
which treats many of the other is- 
sues that face designers will be 
valuable. In the end, a designer 
wants to contrast the value at- 
tending use of a particular tool 
with the actual investment and 
Operating costs. Criteria which 
enable a designer to make such 
judgments include the start-up 
cost in both labor and cash, as 
well as operating and mainten- 
ance costs. Value is added as the 
tool becomes more general in 
application, and as its use causes 
the least change in current de- 
sign modes. Further value ac- 
crues to tool results which can 
be used directly in client presen- 
tations. And last, but not least, 
the degree to which the tools are 
valid has multiple effects on both 
value and liability or cost. 

In addition to the dimension of 
review which establishes value 
and cost, the considerable varia- 
tion of experience and capability 
among designers causes judg- 
ments of value and cost to be 
relative. This is especially true in 


passive design, since the field is 
constantly absorbing those who 
are new to concepts such as ther- 
mal mass, while old hands in pas- 
sive are moving on to advanced 
approaches such as selective sur- 
face mass walls. 

Thus, a second major dimen- 
sion in a review is the point of 
view of the reviewer. The devel- 
oper of the tool, a novice tool 
user, an experienced user of the 
tool, and a technical expert are 
four major points of view which 
are needed for a complete pic- 
ture of a tool. 

The proposed process would 
use four questionnaires, each 
similar to Fig. 1, to extract some 
of the necessary factual data. Fol- 
lowing responses from each of 
the four review sources, a sum- 
mary review would be written. 
Factual data such as cost and in- 
tended range of application 
would be presented in tabular 
form while more subjective in- 
formation from the reviewers 
such as ease of use, quality of 
documentation, and start-up la- 
bor would be summarized in the 
discussion form of a traditional 
review. 

It is important to note that the 
proposed process is not intended 
to replace, or even attempt, val- 
idation. The thrust of the reviews 
will be the practical issues asso- 
ciated with design, and the tech- 
nical verification attempts being 
made elsewhere will be drawn on 
wherever they are known. 


POINTS OF VIEW 


The following four points of 
view would be solicited for each 
review: 


e The Tool Developer—What- 
ever a tool’s weaknesses and 
strengths, one wonders what 
its creator intended. What 
were meant to be its audi- 
ence, application, and costs? 
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Passive Solar Journal Design Tool Review: (00) Developer Questionnaire 


Tool Name Date 











Developer Name 
Institution/Company Telephone 
Department 
Street 

City, State, Zip 
































Is tool available from source other than developer? (Yes or No) 
If yes, please give full name and address. Attach list if multiple sources. 





Source Name 
Institution/Company Telephone 
Department 
Street 
City, State, Zip 























Is tool available for purchase? (Yes or No) 
If yes, indicate price $ . If multiple options, attach list. 








If no, indicate arrangement. 





























Please give a brief description of the tool, with an indication of its intended user. (Detailed questions follow.) 












































Please check type of tool: 


Hand method Programmable calculator 
Graphic . etl ed Microcomputer 
Tabular aE ta Minicomputer 
Nomograph ae ee Mainframe 

Other 


In what phase of design is this tool most useful? (Most useful = 1, next most useful = 2, etc., NA = not advised.) 
Program Ble od ge Schematic 
Design development sei ae Working drawings 


Figure 1a: Facts about a particular design tool will be gathered from four points of view using forms similar to this 
questionnaire for a tool developer. Figure 1b. shows the reverse side of the form. 
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What energy computations does the tool allow? (Make check marks on the list.) Please indicate sources of 
computation algorithms by reference number. (Attach references as needed.) 


Energy Computation 


Internal lighting 
Lighting schedules 
Daylighting 

People loads 
People schedules 
Heating loads 
Thermostat setting 
Setback 

Setback schedules 
Heating equipment 
Air distribution 
Multiple zones 
Natural ventilation 
Forced ventilation 
Ventilation schedule 
Cooling loads 
Sensible air loads 
Latent air loads 
Cooling equipment 
Solar position 

Solar radiation 
Shading overhang 
Shading fins 
Internal mass 
Exterior mass wall 
Trombe walls 
Sunspaces 
Greenhouses 

Direct gain 

Multiple exterior walls 


Multiple generic systems 


Active solar heating 
Active solar DHW 
Thermosyphon DHW 
Breadbox DHW 


Reference 


































































































Figure 1b: The reverse side of the questionnaire asks the developer to mark applications and reveal his computation 


What are future intentions for 
modifications, support, doc- 
umentation? What technical 
sources were used as the ba- 
sis for the various Ccomputa- 
tions? What limitations does 
the developer wish to note? 


information to be collected is 
factual, giving the developer 
an opportunity for input on 
his intended purpose and fu- 
ture direction will help to 
make a more informative re- 
view. 


sources. Additional types of computation have been eliminated from this figure but appear on the form. 


ple way to answer questions 
about first time use is to quiz 
a first time user. By providing 
a designer with a copy of the 
tool and requesting its use on 
test problems, it will be pos- 


sible to collect data which 


Although the majority of the e A First Time User—One sim- other potential new users will 
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find useful. A first time user 
is not necessarily a novice to 
passive design; rather, a first 
time user is simply a designer 
who has not had the oppor- 
tunity to use the particular 
tool under review. As ameans 
of understanding the start-up 
time and effort involved, this 
review is crucial. 


e Experienced User—Each tool 
has at least a few users who 
have applied the tool over a 
number of design problems. 
Such users are really the only 
source of information on lim- 
itations which may be fairly 
subtle. For example, a venti- 
lation cooling algorithm may 
include sensible loads, but 
not latent loads, or a shading 
algorithm may work for verti- 
cal off-axis shading, but tilted 
off-axis shading may not be 
calculated properly. Although 
finding such is not necessarily 
easy, their input is needed to 
develop a feel for the tool’s 
ultimate capability. 


@ Technical Reviewer—In order 
to determine whether any 
major questions about com- 
putation methods exist, the 
fourth point of view should be 
that of atechnical expert. This 
part of the review is perhaps 
the most difficult since the 
complexity of the review is at 
least proportional to the gen- 
erality of the tool under re- 
view. For asimple tool such as 
a sun angle protractor, the 
sources are usually clear and 
easy to verify. When a large 
computer simulator is in- 
volved, however, there may 
be asizeable number of trace- 
able sources of computation. 
In such cases, the review 
should summarize the status 
of the technical issues and 
point the reader to the cur- 
rent sources of technical lit- 
erature for more details. 

Similarly, it is clear that at- 
tempts to validate computer 
tools by comparison to actual 
field measurements are be- 


yond the scope of Journal 
resources. For that reason, the 
technical review would report 
on the degree to which val- 
idation is complete, and in 
which areas the tool may be 
untested. For example, the 
reviewer might report that the 
daylighting calculation is 
based on untested (or tested) 
algorithms and more testing is 
(or is not) required. 


REVIEW CRITERIA 


In any review process, the sub- 
jective opinions of areviewer are 
injected, and are, of course, so- 
licited because it is assumed that 
the reviewer represents an im- 
portant point of view. As ameans 
of attempting consistency, the re- 
view criteria have been broken 
into five major parts, and then re- 
duced to questionnaires. By plac- 
ing more or less emphasis on the 
major criteria for each point of 
view, the questionnaires have 
been customized to yield one 
questionnaire per point of view. 

From a designer’s point of 
view, there are a series of prag- 
matic questions to be answered. 
Tools should be exactly that— 
items which allow the designer to 
carve out the design. Just as a 
sculptor needs tools ranging in 
crudeness from heavy mauls to 
fine files, the passive designer 
needs to wield tools ranging from 
rules of thumb to simulators. For 
any tool to be used, it must ulti- 
mately become an extension of 
the designer’s thinking, and not 
require loving to be used. Thus, 
practical issues are crucial. How 
a hammer feels in the hand and 
how much it costs are at least as 
important as how well it drives 
the chisel. 


Criteria would include: 


@ Initial Investment—The cash 
outlay for the tool is the least 
part of the investment. The 
dollar value of the learning 
time invested may be 10 times 
the purchase price. Ancillary 
costs for some tools may not 
be obvious. For example, a 


microcomputer program 
which costs $250.00 may also 
require the purchase of a new 
language, which may itself cost 
more than the $250.00. Also, 
the program may require two 
days of setup and familiariza- 
tion. Thus $250.00 may escalate 
to a true cost of well over 
$1,000.00 


Questions to be answered 
about first costs would include: 
1.) What is the cost of the item? 
2.) What additional books, lan- 

guages or hardware may be 
needed, and what are their 
costs? ; 

3.) How much time does a nov- 
ice require to be able to op- 
erate the tool? To become 
proficient? 

4.) How long would an expert 
require to become able to 
operate the tool? To become 
proficient? 


© Operating Costs—Here again, 
time and money are the crit- 
ical concerns. Cash required 
for the operating costs may be 
zero, or several hundred dol- 
lars per use. A profile angle 
chart can be copied regularly 
as it wears out, while a simu- 
lator may cost $1,000.00 for a 
single data point. The amount 
of time needed to use any tool 
will vary from the first use to 
the nth use, and will also vary 
across the range of user so- 
phistication and prior exper- 
ience. The peculiarities of a 
particular tool consistently re- 
quire spending large amounts 
of time on its use, that should 
be noted. 


Cost questions to be answered 
include: 

1.) How long does asingle use of 
the tool take? If a single pa- 
rameter is changed, how is 
the second use _ affected? 
How does the user back- 
ground influence time per 
use? 

2.) What dollar costs are typi- 
cal per use? How do these 
vary with the nature of the 
design problem? 
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3.) Are there monthly or other 
maintenance (i.e., updating) 
costs? What are they? 


e Ease of Use—The feel of the 
hammer handle is dependent 
not only on the handle, but 
also on the hand of the user. 
Designers’ backgrounds, or- 
ientations, and personal pref- 
erences determine how 
“friendly” a particular tool is 
to a user. Nonetheless, it is 
possible to describe some as- 
pects of a tool that will allow 
a reader to decide whether he 
or she will be interested. 


Typical questions to be 

answered: 

1.) What type of input does it 
have? Is the input in terms of 
design parameters, or must 
external calculations be 
done? 

2.) Is its ouput a single number 
or a range of values? Does it 
present results graphically? 

3.) What is the appropriate back- 
ground for a user? Architec- 
ture? Engineering? 

4.) How transportable is it? Is 
other equipment required? 
Does it take long to use? Are 
the instructions clear? 


® Range of Application—Cur- 
rent energy design tools cover 
such a wide range of applica- 
tions that both their generality 
and their focal points need to 
be explained. A program such 
as BLAST can bevused over a 
wide range of building types, 
while a graphic direct gain 
temperature swing method is 
restricted to single-zone appli- 


cations. A review needs to 
specify the tool’s range of ap- 
plications, including  limita- 
tions it has in any particular 
application. 

Typical application range 
questions: 


1.) In what phases of design does 
the tool perform well? 

2.) Does it handle generic pas- 
sive systems or is it more gen- 
eral? 

3.) Can whole buildings be rep- 
resented, or is the tool better 


used for some aspect of a de- 
sign? 

4.) Is it restricted to residential 
only? Commercial only? 

5.) Does it allow investigation of 


lighting, comfort, annual 
performance, heating, cool- 
ing, etc.? 


6.) In what areas should the tool 
not be used? 


@ Calculations Methods Base— 
Most tools are developed by 
using an algorithm which 
traces back to a physical anal- 
ysis. The variation is extreme. 
Sun angle and shading angle 
calculations are based on first 
principle descriptions of cel- 
estial mechanics while annual 
cooling load methods may 
have internal components no 
more trustworthy than a local 
utility’s guess at a daily con- 
sumption profile. 

Typical technical questions: 

1.) Are the methods used avail- 
able in the literature? If not, 
are they available for exam- 
ination anywhere? 

2.) Are the methods used appro- 
priate to the applications rec- 
ommended by the devel- 
oper? Why? 

3.) In what areas should this tool 
be used with caution? With 
confidence? Why? 

4.) What aspects of the tool have 
been validated? Are the re- 
sults of such attempts clear- 
cut? 

5.) To what other similar tools 
has this tool been compared? 
What were the results? 

6.) Is this tool based on direct 
physical law? On _ correla- 
tions? On what? 


Following the tool developer’s 
commitment, as evidenced by 
filling in a questionnaire, each of 
the three other reviewers would 
complete their review tasks, sub- 
mitting two copies of the tool, 
and their evaluation would be 
summarized by Journal editors 
and staff. The composite review 
plus the questionnaires would be 
forwarded to the developer for 
comments and reply. These 
would be taken into account in 





the final draft of the review. 

As proposed, the design tool 
review for this journal is asynthe- 
sis of the two review processes 
now in use for articles and book 
reviews. Just as authors are ap- 
prised of comments by peers, so 
the developer is informed of 
comments from the several 
points of view. Tool developers 
may choose to explain further 
where questions were raised or 
the developer may wish to im- 
prove documentation or the tool 
itself. Past experience has shown 
that scrutiny tends to cause im- 
provements to be made. As a di- 
rect result of a similar process 
during the early days of program- 
mable calculator passive design 
software, several developers 
made major changes in their doc- 
umentation, and both tool users 
and developers benefited. 

Making sure all four points of 
view are brought to bear on all of 
the questions may seen an un- 
gainly task. Certainly use of forms 
and a clear procedure will help, 
but no number of forms will 
make the process easy. On the 
other hand, if the result is to be of 
actual use to designers, and if tool 
developers are to benefit, then 
the effort is justified easily. Since 
tool developers vary from non- 
profit to commercial ventures, 
their interests must be respected 
by a thoughtful process. Similar- 
ly, designers deserve a probing 
and genuinely revealing review. 
A balancing of the interests of 
each is the final objective. 


CONCLUSION 


It may not be possible to pro- 
vide direct answers to subjective 
designer questions like “Will the 
ABC tool help me make more 
profit, or just add to the over- 
head?” and “Will the developer 
be available to answer questions 
and provide improvement next 
year?” Nevertheless, it may very 
well be possible to provide data 
which helps designers and devel- 
opers Communicate more com- 
pletely. 
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Honored as prototypes for commercial and institutional buildings at the First National Passive Solar Design Competition, 
both models have now been built. Both the high-rise office of the Farm Credits Bank in Spokane, Washington, and the 
State Office Building at San Jose, California, integrate daylighting and passive/hybrid cooling techniques. The section 
drawings illustrate how the Trust Pharmacy design combines daylighting and heating in a sawtooth skylight 
configuration. 
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Passive design competitions have been a critically important means of improving the standards of architectural 
integration of passive thermal techniques. Sunspaces, once known as greenhouses, are no longer only for plants, and 
passive design approaches popularized in residential design have been increasingly applied to commercial and 
institutional buildings. The interior of the award-winning New York Consolidated Edison Demonstration House from the 
1982 Second National Passive Design Competition illustrates a sunspace outside a living area. Extensive tile on the walls 


and floor provides distributed thermal mass. 


The National Passive Solar Design Competitions 


wide as well as national solar building design 

competitions were held in the United States. 
Each had its own goals and restrictions. Each aimed 
at extending the visibility and the quality of the 
field of solar building design. The first one of major 
significance was the First Passive Solar Home 
Awards Competition conducted nationally by the 
U.S. Department of Housing and Urban Develop- 
ment during the summer of 1978. Over 550 applica- 
tions for funding new house designs were submit- 
ted. Of these, 162 entries were recognized by HUD 
and provided with additional modest financial as- 


B etween 1975 and 1980, a number of state- 
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sistance for their construction. However, the most 
potent competition for solar building designs was 
the First National Passive Solar Design Competi- 
tion, organized in association with the October 
1980 Amherst, Massachusetts, meeting of the Fifth 
National Passive Solar Conference. 

Although labeled “national,” since its sponsors 
have been the U.S. Section of the International 
Solar Energy Society, the Passive Solar Conferences 
have always been international in scope, no restric- 
tions ever having been placed on national origin or 
climatic region. Thus, it was natural for the hosts of 
the Fifth Conference and the organizers of the 
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First Passive Design Competition First-Place Award Winners 


Designer 


Beckman, Blydenburgh and Associates 


Bohlin, Powell, Larkin Cywinski 


Tom DeAngelo 
Architectural Alliance 


Richard Fernau 
with Laura Hartman and Jim Axley 


Harrison Fraker 
with Short and Ford, Architects 
and the Princeton Energy Group 


Mike Funderbunk and John Meachem 
J.E. Fryett 

Hugh and Shirley Kirley 

Edward Mazria and Associates 
Mogavero and Unruh 


Robert W. Peters 
Alienza Arquitectos 


Peter Pfister 
Architectural Alliance 


Walter F. Roberts, Jr. 


Daniel V. Scully 
Total Environmental Action, Inc. 
with Ballou-Levy-Fellgraff, Architects 


Sizemore/Floyd 
SOL-ARC/David Baker 


SOL-ARC Architects and Energy Consultants 
ELS Design Group, Consultants 


Christopher Theis 


Walker McGough Folts Lyerla 


C. Stuart White, Jr. 
Banwell, White and Arnold, Inc. 


building design competition, the New England So- 
lar Energy Association, headed by John Hayes, 
Dennis Jaehne, and Drew Gillett, not to limit en- 
tries to U.S. designers. As a result, competition 
codirectors Josephine Carothers and Mark Kelly 
received portfolios from Canadian, European, and 
Asian solar designers as well. 

The rules of the Amherst competition made no 
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Project 


Simmons Building 

Davol Square 

Providence, Rhode Island 
Shelley Ridge Girl Scout Center 
Philadelphia, Pennsylvania 
Vocational Technical Educational Facility 
St. Paul, Minnesota 

Brodhead House 

La Honda, California 

Princeton Professional Park 
Princeton, New Jersey 


Sunshelter Design 

Raleigh, North Carolina 

Row Housing Project 
Kitchener, Ontario 

Solar Woodbox 

Amherst, Massachusetts 

Trust Pharmacy 

Grants, New Mexico 
Windcreek Condominiums 
Sacramento, California 
Residence of Dr. and Mrs. Michael Ogg 
Second Village 

Santa Fe, New Mexico 

Pfister Retrofit 

Minneapolis, Minnesota 
Sundance | 

Reston, Virginia 

Flat Rock Brook Nature Center 
Englewood, New Jersey 


TVA Solar Modular Homes 
Memphis, Tennessee 

Solar Duplex 

Berkeley, California 

San Jose California State Office Building 
San Jose, California 

Waugh Residence (“The Mossman’) 
Eskridge, Kansas 

Farm Credits Bank 

Spokane Office Building 

Spokane, Washington 


Manhattan Loft Conversion 
New York, New York 





attempt to define “‘passive” or “solar design.” The 
prospectus stated simply that ‘excellence in the 
synthesis of architecture and engineering in com- 
mercial and residential designs will be judged by a 
panel of nationally recognized experts.” In fact, 
the judges all had international stature (see box, p. 
198). Furthermore, no restriction was placed on 
building type, and both built and buildable entries, 
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First Passive Design Competition Award of Merit Winners 


Designer 


Alfred van Bachmayr 


Carey Cliff 


The Colyer/Freeman Group 


Roger East, Architect 


Charles Eley Associates 


David Finholm and Associates 


Jay M. Johnson 


Marquis Associates 


Edward Mazria and Associates 
Edward Mazria and Associates 
William T. Meyer, AIA 

Miller/Hull Architects 

Miller/Hull Architects 

Dan Nall of Berkeley Solar Group 
Perry Dean Stahl & Rogers, Inc. 
Guilford Rand 

Jefferson B. Riley 
Runderburk-Meachem Sunshelter Design 
T. Valle 


William R. Watkins 


including retrofit designs, were permitted. 
Perhaps the most significant element of the First 
National Competition was that its sponsors were 
neither an architectural society, such as the Ameri- 
can Institute of Architects, nor an engineering so- 
ciety, such as ASHRAE. Four of its seven judges 
were nonarchitects. Thus, the 1980 First National 
provided the most open kind of competition in 
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Project 


Fountain Valley School Solar Dormitory 
Colorado Springs, Colorado 


Residence for Mr. and Mrs. John Black 
Veedersburg, Indiana 


Visitor Center for the Antelope Valley 
California Poppy Reserve 
Lancaster, California 


Elliot/Mulready Residence 
Belmont, California 


Larchmont Passive Solar Homes 
Sacramento, California 


Sun Up: A Dormitory for Colorado Rocky Mountain School 
Carbondale, Colorado 


Sun Up 
Excelsior, Minnesota 


Department of Justice 
Sacramento, California 


Detroit Edison Passive Solar Demonstration House 
Detroit, Michigan 


Wood Residence 
Wintergreen, Virginia 


Brookside Two Family House 
Yorktown Heights, New York 


Hansen Residence 
Moses Lake, Washington 


Kimmick Lodge 
Cle Elum, Washington 


Atlantic Community College 
Mays Landing, New Jersey 


Richard Salter Storrs Library 
Longmeadow, Massachusetts 


The Energy Roof-!I: Residence for Frank and Nina Fry 
Yuma, Arizona 


Klugman House 
Guilford, Connecticut 


Sunshelter Cooling Concept House 
Raleigh, North Carolina 


Nuova Sede Della Societa Alitalia 
Rome, Italy 


Melrose Condominium 
Glendale, California 





which the maturity of an emergent solar-design 
discipline could be tested by an interdisciplinary 
jury. 

Over 350 entry portfolios were submitted by ar- 
chitects and nonarchitect building designers. A 
technical summary, including common thermal 
performance data, was required of all entries. In 
addition, the judges, together with their technical 
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Both exterior and interior views are required in the comprehensive portfolio judging of National Passive Solar 





Design Competitions. In the 1980 Amherst competition, a local house called the Solar Woodbox by its owners- 
builders, the Kirleys, was one of the winners. Shown during its first New England winter and without solar water 
heater collectors on the south slope of the roof, the house uses both the snow and the white crushed-rock ground 


covering to add to the solar heat available to the south wall. 


First Passive Design Competition Jurors 


J. Douglas Balcomb 
Los Alamos National Laboratory 
Los Alamos, New Mexico 


Peter Calthorpe 
Van der Ryn, Calthorpe & Partners 
Sausalito, California 


William Caudill 
Caudill, Rowlett, and Scott 
Houston, Texas 


Ralph Johnson 


National Association of Home Builders Research 
Foundation 
Rockville, Maryland 


Douglas Kelbaugh 
Kelbaugh & Lee 
Princeton, New Jersey 


William M.C. Lam 
William Lam Associates 
Cambridge, Massachusetts 


Richard Rush 
Progressive Architecture 
Stamford, Connecticut 
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advisors, in many cases performed separate calcu- 
lations to verify the efficacy of thermal design. 
While each entry was judged ultimately on its own 
merit, the 20 winners and 20 finalists were especial- 
ly commended for their synthesis of thermal and 
architectural design. 


Almost every building type—modest shelter to 
large-scale office complex—from virtually every 
climate could be found among the Amherst en- 
tries. Collectively, they represented a select sample of 
the state of solar building design at the beginning of 
the 1980s. According to Jeffrey Cook, author of two 
forthcoming books on the competition, “The unbuilt 
designs displayed impressive creativity, but it was the 
quantity of first-class passive solar buildings already 
constructed that was most startling.” 


The Second National Passive Solar Design Com- 
petition was held in conjunction with the 1982 con- 
ference at Knoxville, Tennessee. Although no such 
historic backlog of constructed solar buildings ex- 
isted for the Second National as it did for the First, 
more than 400 portfolios were entered. As in the 
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Second Passive Design Competition First-Place Award Winners 


Designer 


Banwell White & Arnold 
Hanover, New Hampshire 


Alfredo De Vido 
New York, New York 


Einhorn Yaffee Prescott Krouner, P.C. 


Albany, New York 


Ronald W. Haase 
Gainesville, Florida 


William Leddy 
San Francisco, California 


Eric Meng Associates and 
E. Mark Smith 


Project 


Society for the Protection of 
New Hampshire Forests Headquarters 
Concord, New Hampshire 


Consolidated Edison Demonstration House 
Briarcliff, New York 


Albany County Airport Terminal 
Colonie, New York 


Lake House in Central Florida 
Micanopy, Florida 


San Francisco Residence and Remodel 
San Francisco, California 


Wildwood Place Townhouses 
Seattle, Washington 





Seattle, Washington 


Jorge Y. Ramos and Associates 
Manila, Philippines 

with the Architects Collaborative 
Cambridge, Massachusetts 


Government Service Insurance Systems Headquarters 
Manila, Philippines 





A waterwall for thermal stor- 
age inside the 1980 award- 
winning Solar Woodbox also 
provides a special natural 
source of soft light across a 
dark, tiled floor. The weight 
of cylindrical water columns 
is supported by a timber 
frame which also allows an 
open interior for convective 
and radiative heat transfer. 


| 7 i 9 a HN 





Inc., of West Newton, Massachusetts, using the 
SUNDAY program created by Ecotope, Inc., of 
Seattle, Washington. Commenting on the high 
quality of the submittals, the seven-person jury 
singled out 25 entries for recognition. Seven first- 
place awards and 18 awards of merit were given 
(see boxes, p. 199 and p. 200). 

Judging the 1982 entries continued to pose some, 
significant problems. While the quality of the de- 
sign portfolios was high—with only a few screened 
out for noncompliance with the rules—the jury 


1980 competition, entries were solicited in three 
building categories: single-family residential, mul- 
ti-family residential, and commercial/institutional/ 
industrial. Once again, built, unbuilt, and retrofit 
projects were accepted in the three categories. 
Entrants were required to submit not only build- 
ing plans, elevations, renderings, and photo- 
graphs, but also five pages of data on energy collec- 
tion and use in a revised format reflecting the 
maturity of calculation procedure. These data were 
subjected to computer analysis at Energy Works, 
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Second Passive Design Competition Award of Merit Winners 


Designer 


Architectural Alliance 


Buchanan & Associates 
Donald Watson, FAIA Architects 


Peter Calthorpe 
Van der Ryn, Calthorpe and Partners 


Chilless Nielsen Architects P.C. 


Leo A. Daly Company 


James Joseph Doolan, Architect 
Don Felts, Engineer 


Richard Fernau and Laura Hartman 
Ray D. Greco 


Hammel Green & Abrahamson, Inc. 
Architects-Engineers 

Dubin-Bloome Associates, P.C. 
Energy Consultant 


Robert E. Hicks, Architect, P.C. 
Kelbaugh & Lee Associates 
MassDesign Architects & Planners 


Meierienes Bygningskontor 
Dag Borgen, Architect 


Total Environmental Action, Inc. 
David Norris and Peter Temple 


Darleen D. Powers 
with John S. Crowley 


Walter F. Roberts, Jr. 
Jack Travis, Architect 


Niels E. Valentiner & Associates 


had just two days to evaluate hundreds of projects. 
In addition, the volume of data was difficult to 
reduce to usable form in the time allotted to the 
task, since no computer program existed with the 
necessary capabilities of comparative building 
analysis, cooling load analysis, and rapid data entry. 
Finally, according to Competition Director Ca- 
rothers, the diversity of the jurors’ backgrounds— 
an asset in many ways—at times precluded agree- 
ment. “This meant,” Carothers said, “that while the 
award-winning buildings were excellent, many 
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Project 


Land O Lakes Corporate Offices 
Arden Hills, Minnesota 


New Canaan Nature Center 
Horticultural Education Building 
New Canaan, Connecticut 


Wisconsin Street Houses 
San Francisco, California 


Chilless Residence 
Portland, Oregon 


Lockheed Missiles & Space Company 
Building 157 
Sunnyvale, California 


Window Rock Elementary School Addition 
Window Rock, Arizona 


Maoli House 
San Rafael, California 


Bluestem Meadows 
Ames, lowa 


H.B. Fuller Company Willow Lake Laboratory 
Vadnais Heights, Minnesota 


Brooks Residence 
Holland, Michigan 


Sisko House 
Metuchen, New Jersey 


Independence IV Potter Residence 
Butler, Maryland 


Indre Ostfold Meieri 
Mysen, Near Oslo, Norway 


Botswanna Technology Center Headquarters 
Gaborone, Botswana 


Westland Avenue Renovations 
Boston, Massachusetts 


One University Place 
Fairfax, Virginia 


An Arizona Residence for an Architect and Artist 
Phoenix, Arizona 


Utah Projects Office Complex 
Provo, Utah 





very fine projects went unrecognized.” 

Based on the positive experiences of the first two 
competitions, the Passive Systems Division is de- 
veloping parameters for the Third National planned 
for 1984. In the following pages and in the next 
issue, the Passive Solar Journal presents the award- 
winning building designs from the 1982 competi- 
tion. All photographs, illustrations, and technical 
matter are drawn from the portfolios submitted by 
the entrants. 

—tThe Editors 
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New Orleans 


Miami 


General climatic zones for the calculations of thermal performance were standardized in both the First and Second 
National Passive Solar Design Competitions. The map above is taken from Regional Guidelines for Building Passive 
Energy Conserving Homes, published by the U.S. Department of Housing and Urban Development. Based on research 
by the National Climate Center of NOAA and the AIA Research Corporation, 13 characteristic climates were identified 
with the weather data of reference cities. The addition of an area associated with the weather data of Portland, Oregon, 
and the subdivision of 3 others bring the number of climate zones to 17. 


Climate Zone Reference Second Passive Design Competition Jurors 


William Glennie 
1A Hartford, Connecticut Princeton Energy Group 


1B Madison, Wisconsin Princeton, New Jersey 


Indianapolis, Indiana Parambir S. Gujral 
Salt Lake City, Utah Skidmore, Owings & Merrill 
; Chicago, Illinois 
Robert B. Marquis 
Medford, Oregon Marquis Associates 
Fresno, California San Francisco, California 


Charleston, South Carolina Edward Mazria 





Ely, Nevada 


Little Rock, Arkansas Mazria, Schiff Associates 
Albuquerque, New Mexico 


Knoxville, Tennessee ara 
William Morgan 


eC nZone William Morgan Architects 
Midland, Texas Jacksonville, Florida 


Fort Worth, Texas Susan Nichols 


New Orleans, Louisiana Communico, Inc. 
Houston. Texas Santa Fe, New Mexico 


(vets Richard Rush 
FI : 
Miami, Florida Progressive Architecture 
Portland, Oregon Stamford, Connecticut 
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Commercial and Institutional Buildings 


Albany County Airport Terminal 


Colonie, New York 





Second National Passive Design Competition First-Place Award Winner 


Aff S 





Photo: Norman McGrath 


One of the goals of the designers of the Albany County Airport Terminal was to integrate passive solar features into a 
visually stimulating architectural design statement. 
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The skylight arrangement provides 
40% of the building’s lighting re- 
quirements and 20% of its heating 
needs. A minicomputer is pro- 
grammed to operate the louvers, 
opening them on winter days and 
closing them at night and on warm 
summer days. 


Photo: Norman McGrath 


The firm of Einhorn Yaffee Prescott Krouner, 
P.C., was confronted with the dual task of design- 
ing an energy-efficient, heavily used public facili- 
ty and integrating passive solar features into a 
visually stimulating architectural design state- 
ment. The terminal was built to serve the busy 
New York capital region and operates 126 hours 
per week. It is subject to widely varying occupan- 
cy coupled with unique infiltration problems 
created by passenger arrivals and departures. 
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In an attempt to provide a highly visible exam- 
ple of Albany County’s commitment to energy 
conservation, the building was designed around a 
strong architectural feature: a 176-ft (53.6-m) -long, 
skylight-topped ‘‘solar court.” This distinctive ele- 
ment provides 40% of the building’s lighting re- 
quirements and 20% of its heating needs. The new 
terminal will use 75% less energy than the existing 
adjacent terminal, built in 1960, which is almost iden- 
tical in size. 


Designed by: Einhorn Yaffee 
Prescott Krouner, P.C. 
P.O. Box 627 
Albany, New York 12201 


Consultants: W.S. Fleming Associates, Inc. 


Albany, New York 
Scott-Healey Associates, Inc. 
Albany, New York 


Bunkoff Construction 
Albany, New York 


Built by: 
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Ground Floor Plan 


These energy savings are primarily attributable 
to a highly efficient building envelope combined 
with unique hybrid solar features. These systems 
are integrated into a sophisticated VAV air distribu- 
tion system which is also linked to high-efficiency 
boilers with dual fuel burners. 

The hybrid solar features include an atrium sky- 
light system with intelligent, operable louvers 
which maximize the efficiency of energy collec- 
tion. In this unique application, the louvers have 
been foam-filled, gasketed for positive sealing, 
and installed with a continuous, adjustable link- 


NOTE: 


ALL (C) EXCEPT FOR 
MECHANICAL ROOM 





ala 










EXISTING 
TICKET 
COUNTER 


age system. The louvers open to permit full pene- 
tration of the sun on winter days and close to re- 
duce heat loss at night. In summer, the blades 
adjust to prevent unwanted solar heat gain, yet 
provide indirect light. A minicomputer, pro- 
grammed with the solar azimuth and angle to the 
year 2000, continually examines interior and exte- 
rior environmental conditions and selects optimal 
louver position for energy efficiency. The mason- 
ry wall supporting the skylight is designed as a 
thermal mass which, in winter, distributes the so- 
lar heat gain to the areas of greatest heat loss. 


Metric 


Design Data i i 


Heating degree days 

Heating auxiliary energy 

Cooling degree days 

Cooling auxiliary energy 

Solar aperture area 

Movable insulation area, R-7 (R.-1.2) 


Thermal storage surface area 

Total effective thermal storage capacitance 
Volume of conditioned air space 

Total cost 


Total cost attributable to energy conservation measures 


Total annual solar contribution: 
Space heating 
Space cooling 
Lighting 
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English 


7,000° F 3,900°C 
43,100 Btu/ft? yr 136 kWh/m? yr 
400° F 220°C 
8,000 Btu/ft? yr 25 kWh/m? yr 
4,060 ft? 377 m2 
4,060 ft? 377 m? 
2,024 ft? 188 m? 
12,760 Btu°F 6.7 kWh/°C 
678, 128 ft® 19,200 ms 
$3,932,00 

$279,000 


155 x 10° Btu 
149.3 x 10° Btu 
542.1 x 10° Btu 


45,400 kWh 
43,700 kWh 
‘158,800 kWh 
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Second Floor Plan 


MECHANICAL 
ROOM 


NOTE: 
ALL (C) EXCEPT FOR MECHANICAL ROOM 
ALL (©) EXCEPT FOR REST ROOMS 
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The black slate floors also absorb heat from the 
winter sun through the south-facing windows. 

Natural light is augmented by a zoned system 
of efficient artificial lighting. In keeping with the 
philosophy of saving energy without sacrificing 
architectural design, the artificial lighting is task- 
ambient. Fluorescent lights, designed as functional 
and aesthetic components of the aluminum-slatted 
ceiling, produce ambient light of moderate levels to 
circulation and lounge areas. Ceiling-recessed mer- 
cury vapor lamps provide high-intensity light to areas 
where specific tasks require it—car rental counters, 
for example. A series of sensors on the building’s 
perimeter measures the amount of available daylight 
and automatically determines how many lights are 
needed at a given time. O 


Natural lighting from the skylight 
(below) is augmented by a zoned 
system of efficient artificial lighting. 
Fluorescent lights, designed as 
functional and aesthetic compo- 
nents of the aluminum-slatted ceil- 
ing, produce ambient light of mod- 
erate levels for the lounge and 
circulation areas. 


Photo: Norman McGrath 
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Sunny Summer Day Sunny Winter Day 


The sun is used to The sun is used to 


provide light, but is not provide heat and light. 
allowed to penetrate into 


the building and 
generate excessive heat. 


S 


S 


S 


PLENUM 


a” 


INSULATED a 
LOUVERS 


NATURAL 
LIGHT 


G) The operable louvers are partially open. @) The operable louvers are open to allow 


sunlight into the building. 
(2) Direct sunlight is reflected by the louvers. 
(@) The sunlight warms a brick wall at the back of 
(3) Diffuse northern light Is provided to the spaces the skylight. 
below. 


(3) Alr is drawn through a plenum behind the wall, 


The area below the skylight serves as a heat and Is heated during Its passage over the 
banking space. Warm alr from the building warm bricks. 


below will collect beneath the skylight. 
Exhaust fans will then discharge the warm air @) The heated air is drawn into the buliding 
from the building. heating system for distribution. 


() Natural light is provided to the space below. 





Photo: Norman McGrath 


The airport terminal was designed around a skylight-topped solar court. This distinctive element defines the building asa 
true energy form. 
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@) The operable louvers are closed to provide an 
Insulated “ceiling” below the glass and reduce 
heat loss through the skylight. 


(2) The louvers are insulated, blocking the flow of 
heat from the buliding. 


@) The brick wall remains warm for some time 
after sunset due to its “thermal mass”. 


@) Air is drawn through a plenum behind the wall, 
and Is heated during its passage over the 
warm bricks. When the heat stored In the brick 
wall ls used up, alr flow through the plenum Is 
stopped. 


(5) The heated air is drawn Into the bullding ; / j 
heating system for distribution. A comparative energy analysis of the old and new terminals of 


Albany County Airport shows that the old terminal uses 75% 
more energy than the new terminal. 


OLO ASHRAE NEW 
TERMINAL 90-75 TERMINAL 



































A site plan of the entire airport shows the relationship of the new and the existing terminal. 
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sIngle-Family Residential 


Consolidated Edison Demonstration House 
Briarcliff, New York 





Second National Passive Design Competition First-Place Award Winner 
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Photo: Norman McGrath 


The windows and atrium/greenhouse on this south-facing view of the Consolidated Edison house are double glazed, 
with an equivalent R-value of 2.0 (R.,-0.3). The east-facing window is triple glazed, with an equivalent R-value of 2.4 
(R, 0.4). 
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Photo: Norman McGrath 


The quarry-tile-covered concrete floors of the living room (foreground) and atrium/greenhouse (background) act as the 
heat storage elements of the house. The concrete slab beneath is more than 6 in. (15 cm.) thick. 


Consolidated Edison, an electric and gas utility 
company, commissioned architect Alfredo De 
Vido to design a single-family house which would 
demonstrate energy conservation concepts and so- 
lar techniques in a New York climate. Computer 
analyses before construction indicated that the 
2,300 ft? (274 m2) house would use only 40% of the 
energy of a comparable new house, yet the direct- 
gain, movable insulation, atrium/greenhouse, and 
other passive solar features added less than 10% to 
construction costs. The actual thermal performance 
will be measured after data for several seasons are 
collected. 

The walls have R-27 (R,-4.7) insulation and the 
ceilings have R-30 (R,,-5.2). A continuous 6-mil poly- 
ethylene vapor /infiltration barrier covers the insu- 
lation on the interior. Windows facing south are 
double glazed, and those facing east and west are 
triple glazed. A heat exchanger was installed to 
introduce fresh air into this tightly constructed 
house. The heat exchanger performs with a min- 
imal loss of energy. 

The entire ground floor of the building is on a 
6-in. (15-cm) concrete slab covered with quarry tile 
that acts as the home’s thermal mass. The sun’s light 
and heat enter the south-facing, double-glazed 
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windows, as well as the atrium/greenhouse. In this 
particular passive feature, heat is absorbed by the 
floor and the north wall of the atrium, both of 
which are made of concrete and covered with tile. 
An automatically controlled vent near the top of 
the atrium’s north wall opens to allow excess heat 
into a duct. A fan forces this solar-heated air into the 
house’s gas-furnace heating system, where it is 
mixed with the furnace-heated air and circulated 
throughout the house. To prevent heat loss, the 


Alfredo De Vido, Architect 
699 Madison Avenue 
New York, New York 10021 


Solar consultants: Princeton Energy Group 
Princeton, New Jersey 


Designed by: 


Built by: 


Syracuse Brothers 
Peekskill, New York 
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Photo: Norman McGrath 


Heat is absorbed by the north wall and the floor of the atrium. The atrium is separated from the family room (to the left) 
and the living room (to the right) by large windows and glass doors. The doors can be closed to minimize heat loss on 


winter nights and overcast days. When the atrium is closed off as one of the three heating zones of the building, it still can 
be heated independently. 
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atrium/greenhouse is equipped with roll-down, 
insulating shades on the outside and is separated 
from the living and family rooms by large windows 
and doors on the inside. 

The house also demonstrates a functional ap- 
proach to electric lighting; it uses acombination of 
general, task, and decorative artificial light. In addi- 
tion, occupancy sensors were installed to turn 
lights on automatically when a person enters a 
space. Thus, lights are turned off automatically in 
unoccupied rooms, preventing wasted energy. Ener- 
gy-efficient kitchen appliances are run by gas. 

It is suggested that cooling requirements can be 
cut by at least 50% through the use of movable 
shading and venting in the summer in such a house 
design. However, such estimates are difficult to 
make with much precision, because extensive on- 
site climate data were not available for design. The 
mechanical cooling system is a refrigerated two- 
stage, two-zone design intended to optimize the cool- 
ing available through natural means. 

The Briarcliff house is only one of several dem- 
onstration houses built by Consolidated Edison. 
Although well instrumented and monitored, the 
thermal performance of the design may be less 
important than the exhibition aspects of the pro- 
gram. Since the house is not lived in, it does not 
have the usual demands for comfort and hot water 
that would be required by a family in residence. On 
the other hand, the popularization of solar and 
conservation ideas as part of an attractive display 
house may be much more important than any set of 
performance numbers. O 
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be 


The only window on the north side of the building is over 
the stairway. 
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Design Data 


Heating degree days 

Heating auxiliary energy, gas 

Cooling degree days 

Cooling auxiliary energy 

Solar aperture area 

Movable insulation area, R-7 (R,-7.2) 
Thermal storage sunface area 

Total effective thermal storage capacitance 
Net floor area 

Volume of conditioned air space 

Total cost (excluding land and site work) 
Total cost attributable to energy conservation measures 


Total annual solar contribution: 
Space heating 
Service hot water 


English 


6,000° F 
27,600 Btu/ft? yr 
19.9 Btu/ft? yr 
350 ft? 

275 ft? 

1,200 ft? 

11,000 Btu/°F 
2,300 ft? 

23,000 ft° 
$150,000 
$12,000 


23.4 x 10° Btu 
N/A 


Metric 


3,333° C 

87 kWh/m? 
0.06 kWh/m? yr 
32.5 m? 

25.5 m? 

111 m? 

5.8 kWh/°C 
214 m? 

650 m° 


6,860 kWh 





Photo: Norman McGrath 


This north view of the house shows the long, sloping roof line. Because of this design, ceiling insulation had to be 
installed in the spaces between the roof rafters instead of in the ceiling joists. The thickest insulation which fits between 
the 2x 12in. (5.1 x 30.5cm) rafters is R-30 (R,,-5.2), about 9 in. (22.9cm) thick. An air space above the insulation was left 
so that air circulation could carry off any moisture which might penetrate the vapor barrier. 
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Windows in the sloping 
roof allow light from the 
south to enter upstairs 

bedrooms. 
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Heat loss from the green- 
house is minimized in win- 
ter by glazing and roll-down 
insulating shades. In 
summer, two windows may 
be opened for summer ven- 
tilation. This natural circu- 
lation is assisted by fans 
which draw air upward 
through vents at the top of 
the greenhouse, the same 
system used to draw warm 
air through the house in 
winter. 


Photo: Norman McGrath 
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Single-Family Residential 


Lake House in Central Florida 
Micanopy, Florida 


Second National Passive Design Competition First-Place Award Winner 
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SOUTH ELEVATION 





The design of this proposed Florida Lake House was influenced by the homes of early Florida Crackers and the Seminole 
Indians. It uses porches for shade to minimize solar buildup and induced air movement to minimize humidity and provide 
an immediate cooling effect. The south elevation of the building is shown above. 
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The architect of this house for a family of four 
relied upon extensive studies of local climate and 
past experience with other low-energy homes 
when designing his own residence. He realized 
that shade to cool the house and air movement to 
reduce humidity would be the two most important 
elements in the design of a natural house. For this 
Florida location on a lake near Gainesville, the 
cooling load of heat and humidity is twice as much 
as the winter heating load. Thus, passive cooling 
was much more important to the design than pas- 
sive heating. 

Since a prevailing breeze cannot be counted on 
during hot, humid Florida summers, Haase relied 
on induced air movement through a chimney ef- 
fect to achieve cooling. This design relies less on 
orientation and cross ventilation than it does on 
the gravity flow of cool air up and out the four-sto- 
ry stair tower. Air circulation is augmented by ceil- 
ing fans, and shade is provided by extensive 
screened porches. 

The house expands from its basic 1,600 ft? (149 
m2) of enclosed space by adding porches and a 
terrace. But in winter, the house retreats to its basic 
size and to introverted gatherings around the fire- 
side. Additional heating is obtained from a convec- 
tion greenhouse and wood stoves. With the excep- 
tion of athermostatically supervised furnace in the 
children’s rooms, all heat is provided by wood fires. 
It is estimated that one cord of wood and 80 gal (303 
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COLT 2 
ED 


Plans for building the Lake 
House have been held up 
because the lake it was to 
be built near, Lake Tusca- 
willa, has developed a sink- 
hole. Since the water is dis- 
appearing, this site is no 
longer attractive. The de- 
signer is currently looking 
for another. 


Designed by: Ronald W. Haase, Architect 
College of Architecture 
University of Florida 
Gainesville, Florida 32611 
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WEST ELEVATION 





































The screened porch extends around this, the west side, and the south side of the house. On warm days, the porch 
can be used as a dining and living area. Cypress piers will support the structure, and cedar shingle siding is planned 
for the exterior walls. 
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L) of oil, at a total cost of $180, are all that would be 
required to heat the house in winter. 

In designing his own house, the architect has 
examined many aspects of his life-style. In addition to 
a passively cooled and heated structure, he has 
weighed the need for household appliances. Such 
energy-consuming appliances as a clothes dryer, 
dishwasher, frost-free refrigerator, and self-clean- 
ing oven have been eliminated. Haase believes 
that a willingness to participate in one’s own envi- 
ronment is a measure of how well a strong relation- 
ship with nature is embraced. 


The architect was influenced by historic precedent 
and the life-style and dwellings of the Seminole Indi- 


Design Data 


Heating degree days 

Heating auxiliary energy 

Cooling degree days 

Cooling auxiliary energy 

Solar aperture area 

Thermal storage area 

Total effective thermal capacitance 

Net floor area 

Volume of conditioned air space 

Total cost (excluding land and site work) 


Total cost attributable to energy conservation measures 


Total annual solar contribution: 
Space heating 
Solar hot water 
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NORTH ELEVATION 





ans. This design makes more than a passing reference 
to the honorable early-Cracker farmhouse described 
by Marjorie Kinnan Rawlings in The Yearling. The 
fictional site of this personal favorite of the architect 
is no more than 10 mi (16 km) from the proposed 
building site, and the countryside is scattered with 
old, sagging, tin roofs and wood clapboard houses 
raised up on cypress piers. The cedar shingle siding 
proposed by the designer is an anomaly, however, 
and probably falls out of his New England back- 
ground. Normally, shiplap clapboards would be 
used. More important, the regional character grows 
out of a bioclimatic design discipline, realized with 
local materials. O 


English Metric 


13600 769°C 
31,530 Btu/ft? yr 99.4 KWh/m? yr 
2,500° F 1;390° C 
0 0 


70 ft? 6.5 m? 


1,600 ft? 

Og areats 
$125,000 (est.) 
$5,800 (est.) 


AlexXe OBI 
36,100 Btu 


615 kWh 
10.6 kWh 
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i 4 ing, induced air movement 
from ceiling fans was intro- 
duced by the designer. Cool 
air flows up and out the 
four-story stair tower. In the 
winter, the house is heated 
almost exclusively by wood 
stoves and a fireplace. 
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testing and Monitoring 


DATA ACQUISITION IN TEST MODULES 


Current Research Practices with Data Sensors, Recording, 
and Processing Systems 





Photo: J. Yellott 


Figure 1: Harold Hay logs data in 1968 using a strip chart recorder, a typical acquisition 


system then. 


By FULLER MOORE 





Department of Architecture, Miami University, Oxford, Ohio, 45056 


ABSTRACT 


Various current monitoring techniques 
and equipment available for test modules 
are described and evaluated, including 
measurement devices such as pyranome- 
ters, pyrheliometers, thermocouples, 
platinum resistance temperature detec- 


tors, thermistors, and temperature trans- 
ducers, as well as recording equipment. 
Recommended methods for measuring 
temperature conditions, air movement, 
and power consumption are also ex- 
plored. Monitoring equipment is dis- 
cussed in terms of both usability and cost. 





INTRODUCTION 


The experimental practices of data acquisition in 
passive solar research are undergoing continuous 
change. The availability, dependability, and costs 
of instrumental and recording devices have bene- 
fited greatly in the past decade from general im- 
provements and refinements in all scientific fields. 
Research applications from the semiconductor in- 
dustry have improved the documentary potentials 
of tracing energy and environmental research 
conditions. 


In order to monitor relevant ambient and exper- 
imental conditions in passive solar test modules, 
sensors are required to measure at least some of 
the following conditions: solar radiation, temper- 
ature (air, globe, surface, solid, liquid), air move- 





The author worked on this survey while he was a guest scientist at Los Alamos National Laboratory. The work was performed under 
the auspices of the Office of Solar Heat Technologies of the U.S. Department of Energy and supported by Miami University. 


This is the second in a series of review articles on passive solar research using test modules. 
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Figure 2: The Eppley PSP is a thermal pyranometer of 
laboratory quality. 





Figure 3: The field quality Eppley 8-48 is one of the most 
widely used thermal pyranometers. 





Figure 4: The Lambda Licor 200S photovoltaic pyra- 
nometer is often used for test module research because 
of its low cost. 
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ment (infiltration rate, wind speed, interior con- 
vection), auxiliary power consumption, and 
events. Much of the scientific success of passive 
solar research depends on the identification of per- 
tinent parameters and on the selection of ap- 
propriate data acquisition systems. 

Because of the amount of data involved, an auto- 
matic acquisition and recording system is usually 
employed, called simply the data acquisition sys- 
tem or DAS. (See Fig. 1.) This introduction and 
preview which characterizes the present rec- 
ommended status is based primarily on current 
practices and experiences at the Los Alamos Na- 


tional Laboratory and extensive readings in the 
field. 


SOLAR RADIATION 


There are two basic types of solar radiation mea- 
suring instruments of interest: the pyranometer 
and the pyrheliometer. 


Pyranometers: 

The pyranometer is designed to measure the 
total radiation on a plane, including both direct 
radiation from sun and diffuse radiation reflected/ 
refracted by clouds, atmosphere, and ground. 


Total radiation on the plane of the collector glaz- 
ing is of particular interest to test module research- 
ers if these data are to be used later for validation 
of computer simulations. Total radiation on the 
horizontal plane is the measurement used for most 
standard weather data; this fact makes it a desirable 
measurement for comparing test conditions with 
standard weather data in other locations. 


Pyranometers are of two basic types, thermal and 
photovoltaic. Thermal pyranometers employ a 
thermopile (a set of thermocouples connected in 
series) to measure the temperature of a black (or 
black and white) surface under a clear dome. The 
most widely used thermal pyranometers are the 
Eppley PSP (laboratory quality) and the Eppley 8-48 
(field quality). (See Figs. 2 and 3.) 


Photovoltaic pyranometers use silicon photo- 
voltaic cells that generate direct electric current in 
proportion to solar radiation. Although thermal 
pyranometers continue to be the accepted stand- 
ard research instrument, some photovoltaic pyra- 
nometers such as the Lambda (Licor 200S) are be- 
coming widely used for test module research be- 
cause of their low cost (approximately 15% of the 
cost of acomparable thermal instrument) and rela- 
tive accuracy (+5%). (See Fig. 4.) 


One error associated with pyranometer mea- 
surements of particular concern to test module 
researchers is nonhorizontal mounting. Some ear- 
lier versions of the Eppley Model 8-48 had errors 
exceeding 5% when mounted vertically. This was 
apparently due to internal convection currents. 
(More recent versions of the 8-48 have been mod- 
ified to minimize this effect.) Photovoltaic pyra- 
nometers are not sensitive to tilt.’ 
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Pyrheliometers: 

The pyrheliometer is intended for measurement 
of direct-beam solar radiation only. It resembles 
a small telescope, and is aimed directly at the sun 
by a mechanical tracking system. The Eppley NIP is 
the most commonly used pyrheliometer. (See Fig. 5.) 

While direct-beam radiation is of primary con- 
cern in concentrating collector research, it is of 
only minor interest in passive test module research. 
At Los Alamos National Laboratory, the principal 
uses of direct-beam data have been for (1) verifica- 
tion of previously proposed procedures for estima- 
ting radiation on tilted surfaces, given total hori- 
zontal and direct-beam data, and (2) testing the 
performance of specular horizontal reflectors. 


TEMPERATURE 


While direct-reading thermometers are useful 
for limited measurement of temperature in certain 
experiments, sensors with automatically record- 
able output are generally preferable for monitor- 
ing test modules. There are three main categories 
of thermometers: thermocouples, resistance ther- 
mometers, and transducers. In the resistance cCat- 
egory, platinum resistance temperature detectors 
and thermistors are of particular interest. 


Temperature Sensors 


Thermocouples: 

If two wires of dissimilar metals are joined at each 
end to form a circuit, and these ends are at differ- 
ent temperatures, then a small voltage is devel- 
oped in the circuit. This voltage can be used to 
measure the temperature difference between the 
two junctions; the arrangement is called a thermo- 
couple. In order to use a thermocouple for tem- 
perature measurement, it is necessary to maintain 
one of the junctions at a known reference temper- 
ature. In a laboratory, an ice bath is often used. In 
test module experiments, electronic cold refer- 
ence junctions are usually used instead. 

If the distance between the two junctions is 
large, it is possible to use less expensive extension 
wire. It is necessary that this wire be matched to the 
thermocouple used if calibration is to remain un- 
affected. The two thermocouples most frequently 
used for Los Alamos test module measurements are 
Type K (chromel alumel) and Type T (copper con- 
stantan). Because of the modest cost of these types, 
thermocouple wire is used continuously from the 
sensor junction to the electronic reference junc- 
tion, and problems associated with splices and ex- 
tension wires are eliminated. 

Thermocouple wire is available in standard and 
precision grades. In standard grades, manufactur- 
ing variations necessitate the individual calibration 
of each thermocouple. At Los Alamos, precision 
grade is used because accuracy of +.5°F (.9°C) can 
be achieved consistently without calibration. 

A twisted junction of the bare, dissimilar wires 
is sufficient to create a thermocouple. The joint 
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Figure 5: The Eppley NIP is one of the most commonly 
used pyrheliometers. 


may be soldered to assure permanent contact; it 
may also be sealed with a plastic coating for use in 
corrosive environments. Although thermocouples 
are temperature sensitive (for practical purposes) 
only at the junction, there is one placement con- 
sideration of particular concern in test module ex- 
periments. Because the thermocouple wire is more 
thermally conductive than its surrounding envir- 
onment, it can influence measurements by con- 
ducting heat to or from the sensor location. For 
that reason, it is recommended that the last 50 di- 
ameters of wire length be positioned to be at the 
same temperature as the measured point. (See Figs. 
6 and 7.) 

The voltage created by the temperature differ- 
ence between the two junctions is measured by a 
voltmeter and converted to temperature differ- 
ence by a formula or tabular values for the thermo- 
couple type used. 


© Trombe wall. 
Dae ng 


50 lead wire 


diameters min. 


Figure 6: The Trombe wall cross section shows how an 
isothermal temperature sensor lead wire configuration 
can be used to reduce conduction errors. 
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Platinum Resistance Temperature Detectors (RTD): 

All metallic conductors exhibit an electrical re- 
sistance that changes with temperature. The resis- 
tance and changes in resistance are measurable di- 
rectly with an ohmmeter? or indirectly with a volt- 
meter. The results are converted to temperature 
by translating equations or tabular values. 

While many metals theoretically can be used for 
RTDs, platinum is the material of choice because of 
high resistivity, good temperature coefficient, 
broad temperature range capability, and outstand- 
ing resistance stability. 

The principal advantages of platinum RTDs over 
thermocouples are increased accuracy (+ 0.2°F) 
and simpler signal conditioning. The principal dis- 
advantage is higher cost per sensor ($40-100 per 
RTD vs. $3-10 per thermocouple). Nevertheless, 
platinum RTDs have been selected by some solar 
researchers. Craig? has reported that entire system 
costs are comparable (due to cheaper lead wire 
and no cold reference junction required for plat- 
inum RTDs). An ice bath is the traditional reliable 
thermal reference. 

Thermistors: 

Thermistors, like RTDs, change resistance with 
temperature. They consist of asmall bead of semi- 
conducting material that has a very high negative 
temperature coefficient of resistance (which varies 
inversely as the square of the absolute tempera- 
ture).2 The relative increase in resistance per de- 
gree temperature rise is much greater in thermis- 
tors than RTDs making them more sensitive (al- 
though not necessarily more accurate). The mid- 
range coverage of moderate cost thermistors is 
similar to the temperature ranges in nonfocusing 
active and passive systems. Installation is greatly 
simplified (compared with thermocouples) by the 
use of conventional two-lead extension wire. Cal- 
ibration stability is considerably affected by over- 
heating. Because the sensor is sensitive to mois- 
ture, proper sheathing (i.e., glass sealed) is re- 
quired for submersion. Thermistors are the most 
widely used sensor for active solar controls. 
Temperature Transducers: 

A recent development in temperature sensors 
is the integrated circuit transducer. Each small sen- 





Figure 7: Thermocouples are cast into Trombe wall ma- 
sonry units. 
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sor is an entire circuit (Composed of transistors and 
laser-trimmed resistors) that modulates a supplied 
current in proportion to absolute temperature. 
The transducers are nearly linear over the operat- 
ing range (-41° to 328°F, or -40.6° to 164.5°C), thus 
simplifying signal conditioning. Their cost is low 
($2 each, uncalibrated and unsheathed, to $54 
each, calibrated and sheathed, with signal condi- 
tioner). They do not require special extension wire. 
They are not considered as reliable as thermo- 
couples, but this handicap may be offset by advan- 
tages for test module applications. Transducers are 
the standard sensor used in the Aeolean Kinetics 
PDL data acquisition system (developed for use in 
the SERI Class B passive solar monitoring pro- 
gram).4 


Measurement of Temperature Conditions 


Air Temperature: 

When sensors are used to measure air tempera- 
ture, care must be taken to avoid inaccuracies due 
to radiation. If the sensor is not exposed to direct 
sunlight or surrounding surface temperatures sub- 
stantially different from that of the air, no radiation 
shielding of the sensor is required. For the mea- 
surement of ambient air temperature, a standard 
U.S. Weather Bureau-type instrument shelter is 
preferred. (This is a white, wood-louvered box 
mounted 5 ft above the ground.) (See Fig. 8.) 





Figure 8: A standard U.S. Weather Bureau instrument 
shelter contains temperature measuring devices. 
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For air temperature measurements in the test 
module, an unaspirated, tubular radiation shield 
should be used. Wadsworth and Palmiter> have 
proposed a double concentric tube shield for this 
purpose; a shield of this design is commercially 
manufactured by Aeolean Kinetics.® Such a shield 
is acceptable for ambient measurements in lieu of 
an instrument shelter. (See Fig. 9.) 


Globe Temperature: 

Globe temperature measurements are useful in 
assessing human thermal comfort in passive solar 
environments. These measurements combine the 
effect of air temperature and radiation by enclos- 
ing the sensor in the center of a hollow, colored 
globe. Ideally, the globe should have minimum 
thermal mass, be thin, highly conductive, and have 
high surface emissivity inside and out. ASHRAE 
Standard 55-74 describes such an enclosure, and 
precision globes (in black or pink color) are com- 
mercially available.? However, most test module 
researchers contacted by this author used a black 
PVC toilet float for a globe enclosure. 

Because globe temperature is used to assess hu- 
man comfort, the recommended sensor location 
is the center of the occupied space at a 4 ft (7.3 m) 
height. 

Surface Temperature: 

Because of the substantial contribution of radia- 
tion exchange in passive solar structures, surface 
temperatures are of considerable theoretical inter- 
est. 

In practice, surface temperatures are difficult to 
monitor accurately in test modules. The difficulty is 
associated with the infinitestimal thinness char- 
acteristic of asurface. If the sensor is simply applied 
to the surface, it projects into the air film and is 
unduly influenced by convective transfer. More- 
over, any method of attachment (tape, adhesive, 
mechanical) affects surrounding temperatures and 
can introduce an insulation between the sensor 
and the surface. Covering the sensor with a small 
piece of insulation reduces the effect of the air film 
on the sensor, but also reduces the normal heat 
transfer between the surface and air film at that 
point. 

At Los Alamos, in measuring masonry surface 
temperatures, a groove is scored in the surface, 
and the thermocouple is embedded in the groove 
using a cement similar to the original masonry. 
Hall? has described adding a reflective 3-in.-diam- 
eter (7.5-cm) hemisphere to reduce the effect of 
the air film. 

If the surface is metallic, the ends of the thermo- 
couple wires may be soldered directly to the sur- 
face about 1 in. (2.5 cm) apart (rather than joined 
conventionally into a junction). The temperature 
measured will be the average of the surface be- 
tween two wires. The same principle can be used 
for nonmetallic surfaces by bonding a metallic foil 
to the surface using a conductive adhesive. Care 
should be taken to match the surface emissivity to 
the surrounding area. This method of surface mea- 
surement is probably justifiable only for large 
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(i.e., 50°F, or 28°C) temperature differences. 

The method of surface temperature measure- 
ment is dependent on temperature difference, 
convective velocity, and material conductivity. 
Ideally, two conditions must be satisfied: (1) the 
sensor must be brought to the same temperature 
as the surface, and (2) its presence must not alter 
the surface temperature (by insulating, conducting 
heat away, or acting as a radiation shield). 

Solid Temperatures: 

Similar conditions must be satisfied in measuring 
the interior temperature of solids. Care must be 
taken to ensure good contact between the sensor 
and the material; in masonry materials, the sensor 
should ideally be cast into the material. When in- 
stalled after construction, a hole is drilled, the sen- 
sor is inserted, and the void filled with a material of 
similar conductivity. Care should be taken to pre- 
vent air gaps. 

As described previously, the lead wires should 
be positioned to stabilize at the same temperature 
as the sensor. This means that the lead wires should 
be perpendicular to the direction of heat flow in 
Trombe walls and floor slabs. This requirement 
makes installation after construction difficult. If it 
is not possible to drill into the edge of the wall or 
slab, a large hole should be drilled into the surface, 
allowing a length of 50 diameters of the lead wire 
to be bunched at the sensor location, and the hole 
filled with a mixture of the wall material. 

In Trombe walls, it has been determined at Los 
Alamos that a rake of five sensors (two surface, 


Peak Faces True South 


3 in. Diameter Aluminum 
Vent Pipe (Paint Inside Flat Black, 
Outside White) 


Wire Supports 
Thin-Walled Plastic Tube 


4x 1.25 in. Aluminum Foil Outside, 
Flat Black Inside 


Temperature Sensor 


Figure 9: A double concentric, unaspirated radiation 
shield may be used in lieu of an instrument shelter for 
ambient measurements. 
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three interior) is sufficient to describe the hori- 
zontal heat flow through the wall. This rake is lo- 
cated at the midheight of the wall; this location 
approximates the mean of several rakes positioned 
from the top (where the wall is hottest due to the 
stack effect) to the bottom. (In reality, the temper- 
ature variation is not linear from bottom to top, but 
instead changes most abruptly in the lowest 25%.) 
Liquid Temperatures: 

Because of convective mixing and intimate 
thermal contact between the liquid and the sensor, 
liquid temperatures (as in waterwalls) are easy to 
measure. As with solids, care should be taken to 
keep the first 50 diameters of the sensor lead in 
isothermal conditions. To prevent sensor junction 
corrosion, thermocouples may be coated with 
plastic. Otherwise, thermocouples and RTDs are 
unaffected by moisture. (Thermistors and _ inte- 
grated circuit temperature transducers require 
watertight sheathes to prevent erroneous readings 
due to moisture contamination.) 

Because of convective mixing, liquid thermal 
storage elements are virtually isothermal horizon- 
tally, allowing the internal temperature to be mea- 
sured at one location (center at midheight). As with 
Trombe walls, there is significant vertical tempera- 
ture variation, with the greatest change occurring 
near the bottom. 


MEASURING AIR MOVEMENT 


Three types of air movement are of direct con- 
cern to passive solar researchers: infiltration rate, 
wind speed, and interior natural convection air 
movement. 
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Figure 10 (at right): An exterior-mounted, centrifugal fan blows outside 
air into a Los Alamos test room to standardize the infiltration rate. 
Figure 11 (above): Air from the exterior fan flows into a LANL test room 
through an ASTM-type calibrated nozzle. Manometer tubes, connected 
to the internal nozzle, permit measurement of pressure differences. 


Infiltration Rate: 

Wind speed and the stack effect of the inside- 
outside temperature differential directly affect the 
rate of air infiltration in buildings and test modules. 
The air infiltration rate and the temperature dif- 
ference combine to determine the heat loss or gain 
of the structure due to infiltration. Because it is 
impractical to measure air infiltration continuously 
in test modules, researchers at Los Alamos and 
other labs eliminate the influence of variable wind 
speed and stack effect by using a fan to pressurize 
the module slightly, producing a relatively con- 
stant infiltration rate. At Los Alamos, an exterior 
centrifugal fan blows outside air into the test room 
through an ASTM-type calibrated nozzle. Two 
tubes (connected to the front and back of the noz- 
zle) permit periodic measurement of the pressure 
difference with a manometer. From this measure- 
ment, the flow volume can be determined. The 
volume can be adjusted by a fan damper. (See Figs. 
10 and 11.) 

The infiltration rate can also be measured by 
adding tracer gas (SF,) to the room, sampling the 
room air at 30-minute intervals thereafter, and ana- 
lyzing these samples in a remote laboratory using a 
gas chromatograph. If this method is used alone, 
the fan adjustments necessary for matching infiltra- 
tion in several test modules become a trial-and- 
error procedure. For this reason, the calibrated 
nozzle is recommended as the primary control 
measurement, with the tracer gas technique used 
for validation. 

One infiltration consideration is of particular 
concern to test module researchers. Because the 
total heat loss due to infiltration is a function of 
inside-outside temperature difference, a given vol- 
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ume of infiltration from an unusually warm area 
will disproportionately affect the rate of heat loss. 
For this reason, particular care should be taken to 
minimize infiltration from the volume between 
storage walls and glazing. This will assure that 
comparable infiltration rates in test modules trans- 
late to comparable infiltration heat losses. This pre- 
caution is of particular importance if the glazing is 
reconfigurable and is not caulked. 

Wind Speed: 

If the infiltration rate is fixed (using the above 
procedure), the only effect of wind speed on heat 
loss is to change the effective R-value of the exter- 
ior air film. (The ASHRAE-recommended R-value 
of .17 corresponds to 15 mph (25 km/h) wind and 
is excessive for most conditions.) Continuous mon- 
itoring of wind speed allows adjustment of this loss. 
At Los Alamos, this variation is not considered sig- 
nificant and is ignored. 

A cup anemometer is usually employed to mea- 
sure wind speed. An electrical circuit inside the 
instrument creates a pulse that is counted. The 
anemometer is calibrated so that a certain number 
of pulses represents the passage of one mile or ki- 
lometer of wind. 

The position of the anemometer is a subject of 
considerable controversy if the results are to be 
used to determine building thermal loss. No stan- 
dard seems to exist; however, the author has used 
a location 4 ft (7.3 m) above the center of the test 
module. At Los Alamos, the location is the top of 
an adjacent building at a height of approximately 
25 ft (8.2 m) above ground. 

Interior Air Movement: 

Interior natural-convection air movement is very 
slow and often unrestricted in direction. It is diffi- 
cult to measure speed directly and impractical to 
measure direction. Los Alamos has used a preci- 
sion, low-velocity, hot-wire anemometer for such 
measurements.® Convective movement direction 
is deduced from temperature readings by sus- 
pended thermocouples. 

Smoke (cooled to air temperature) can be used 
as a crude aid to convective flow visualization. 


POWER CONSUMPTION 


Because passive solar test modules are often 
fitted with auxiliary electric resistance heat (pre- 
ferred because of easy measurement due to 100% 
conversion efficiency) some method of monitoring 
of electricity consumption is required. 


Fixed Rate Heater (On/Off Status Monitored): 

If an automatic, digital data acquisition system is 
used to sample data frequently, the simplest 
method is to use a fixed rate resistance heater and 
monitor its on/off status. It is necessary to make 
a one-time measurement of consumption rate 
(some researchers have expressed concern that, 
because resistance varies with temperature, the 
heating rate is not constant). The status is moni- 
tored using a relay in the heater power supply to 
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open and close a low-voltage circuit from the data 
acquisition system. 
Watt-Hour Meter: 

The total consumption can be monitored using 
a watt-hour meter with a pulse initiator to record 
power consumption via a pulse counter. Meters of 
this type are expensive ($150 and more) and re- 
quire a standard utility base. 

Current Transducer with Voltage Sensor: 

A third alternative is the use of a clip-on Hall 
effect current transducer to measure amperes and 
a simple line-voltage sensor to monitor voltage. 
These values can then be converted to determine 
power consumption in kW. Both the watt-hour 
meter and the current transducer are capable of 
monitoring variable consumption rates and are 
therefore preferred for monitoring occupied 
buildings. 

Control of Auxiliary Heat: 

Both residential and industrial thermostats have 
been used at Los Alamos to control auxiliary heat- 
ers in test rooms. It was determined that neither of 
these was sufficiently accurate to maintain iden- 
tical thermostat set temperatures in separate test 
rooms. Instead, the data acquisition system now 
controls the heaters using the interior air tempera- 
ture sensor as the thermostat sensor. 


EVENT SENSORS 


The two types of event sensors of interest for 
test cell monitoring are status and counting. 

Physical status (i.e., position of night insulation) 
and electrical status (i.e., operation of auxiliary 
heat) are typical monitoring requirements. The 
data acquisition system is used to monitor the 
open/closed status of a low-voltage circuit (cur- 
rent supplied by the DAS). Simple microswitches 
(with normally open/normally closed circuitry re- 
configurable by changing the lead attachment) are 
used for physical events. Relays opened/closed 
by line-voltage current are used for electrical 
events to open/close the low-voltage circuit. No 
DAS signal conditioning is required. 

Event counting (door openings, anemometer 
rotation) is a regular monitoring requirement for 
occupied buildings, but less typical of test mod- 
ules. Because simple electrical contacts can vibrate 
after opening or closing (i.e., “bounce’’), erro- 
neous readings can occur. Special magnetic micro- 
switches can be used to eliminate bounce, or the 
circuit can be “debounced” electronically by the 
DAS. A special signal conditioner is required to 
hold the accumulated total events between sensor 
readings. 


DATA ACQUISITION SYSTEMS (DAS) 


While direct graphic recording of data (i.e., strip- 
chart recorder) can be used, the large amount of 
data generated by test module experiments 
coupled with recent developments in digital sys- 
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Figure 12: The Accurex Autodata Nine digital data logger 
was used extensively in the mid-1970s by Los Alamos to 
monitor passive and active solar buildings. 


tem hardware have made digital DAS the preferred 
choice for this application. Digital systems can be 
further categorized as data loggers (which simply 
record raw data, usually on printed paper tape 
and/or magnetic tape cassette) and those that are 
programmable and can additionally process and 
store results. The Accurex Autodata Nine is an ex- 
ample of the former, and was used extensively in 
the mid-1970s by Los Alamos and others for moni- 
toring passive and active solar buildings. (See Fig. 

12.) 

As the cost of microcomputers dropped dramati- 
cally in the late seventies, they were adapted by 
many researchers for combined data acquisition, 
recording, and simultaneous reduction.%-3! 

These systems usually include the following 
components: 

e@ acold reference junction (required for thertno- 
couples only); 

@ a digital voltmeter (for converting analog vol- 
tage-sensor signals to digital data for proces- 
sing); 

@ a digital clock or controller to control data 
sampling; 

®@ a programmable microcomputer to control the 
clock as well as read, process, and store data; 

@ a data-storage device (printer, cassette, and/or 
disk drive); 

@ a display to facilitate programming or tempo- 
rary display of data (video monitor or LED alpha- 
numeric display). 

At Los Alamos, the 14 passive test rooms are 
monitored using a Hewlett-Packard 9845 desktop 
computer (performs control functions, data reduc- 
tion, and recording), with HP 3546 digital voltmeter 
(for analog-to-digital conversion), three HP 3495A 
scanners (80 channels each), and an HP 6942 multi- 
programmer to control auxiliary heat in cells. (The 
approximate cost of this hardware was $44,000.) 
Temperature sensors are Type K precision ther- 
mocouples, and solar radiation instrumentation in- 
cludes Eppley PSP and 8-48 pyranometers, and 
Eppley NIP pyrheliometer. Data are stored on HP 
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Figure 13: The Hewlett-Packard 9845 computer is used 
for data acquisition at Los Alamos. 


9-channel cassettes. These data are transferred to 
floppy and hard disks for further processing on 
separate HP 9845 and HP 1000 computers. (See Fig. 
a33) 

A low-cost programmable DAS was developed 
for the SERI Class B monitoring program by 
Aeolean Kinetics.'2:27 The entire system, suitable 
for test cell monitoring, is approximately $5,500 
and consists of 16 analog plus 8 digital channels, 
including pyranometer, temperature sensors, 
printer, magnetic tape data recorder, and data re- 
duction software. The system is expandable to a 
total of 88 channels. (See Fig. 14.) 

Los Alamos is currently configuring an alterna- 
tive, low-cost DAS using an Apple Il+ computer 
(for control and data reduction), amonitor, a5.5in. 
disk drive for data storage, a clock-card control, 
and an interactive structure 16-channel A/D con- 
verter for field monitoring of active systems using 
thermocouples. System cost excluding pyranom- 
eter is approximately $3,000. 


CONCLUSIONS 


Data acquisition is fundamental to any experi- 
mental passive solar test module research program. 
Measurement techniques for these modules, while 
similar to other areas of thermal research, have cer- 
tain unique requirements for range, sensitivity, and 
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Figure 14: Aeolean Kinetics’ PDL-24 monitoring system is suitable for test cell monitoring. This expandable system is 
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integration. Low-cost microprocessors have great- 
ly enhanced the researcher’s capability through 
interfacing simplicity, automatic data logging onto 
magnetic media, and on-line data analysis. 
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ABSTRACT 


The effect of transparent polyethylene 
windscreens on radiant cooling systems is 
discussed. The effectiveness of single- ver- 
sus double-covered radiators as well as the 


thickness and color of the polyethylene are 
also examined. Environmental considera- 
tions such as cloudiness and dew formation 
are analyzed with respect to windscreen 
performance. 


INTRODUCTION 


Windscreens are used in radiant cooling systems 
to reduce convective heat gain from the ambient 
air to the radiator. Since they must be infrared (IR) 
transparent, thin films of polyethylene, usually 
without ultraviolet (UV) inhibitors, are typically 
used for such windscreens. This material is com- 
monly available, inexpensive, and about 70% 
transparent to IR radiation. 

The application of polyethylene windscreens 
adds to the complexity and cost of aradiant cooling 
system for the following reasons: 

e The polyethylene film must be held taut to mini- 
mize fluttering from wind. Such fluttering in- 
duces convective currents in the stagnant air 
layer between the radiating surface and the 
windscreen and thus reduces the insulating 
value of this air layer. Fluttering also rapidly pro- 
duces structural fatigue in most films, causing 
material failure. To prevent this, a lattice can be 
constructed to support the polyethylene film. 
Other solutions include mounting the polyethy- 
lene in a warped plane and using the film as a 
tensile skin in air-pressured structures. 


Drawings are by Paul David Glosniak of Arizona State University 
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@ During the day, the polyethylene must be 
shaded to prevent rapid deteriorization of the 
material and to avoid frequent replacements. 

e@ The polyethylene film collects dust, thus reduc- 
ing its transparency, and its regular cleaning is 
not an easy task. 

Therefore, it is of interest to evaluate the real 
contribution of the windscreen to the performance 
of nocturnal radiators. In a preliminary study, it was 
observed that dew usually formed on the polyethy- 
lene, nullifying the difference in performance be- 
tween an exposed radiator and a windscreened 
one. 

The experiments performed between May 1981 
and January 1982 and described in the following 
pages were intended to obtain additional data, with 
more detailed recording of the environmental 
conditions than in the preliminary study. This paper 
reviews the mathematical model used by the re- 
search team at Trinity University, San Antonio, Tex- 
as, for the prediction of radiator stagnation 
temperatures. Then, it summarizes the experimen- 
tal study at the Sede Boqer campus of the Ben-Gur- 
ion University of the Negev. Finally, it compares 
the predicted temperatures of exposed and 
screened nocturnal radiators with the measured 
data. 


THE MATHEMATICAL MODEL 


The literature contains various prediction models 
for radiant cooling, a discussion of which can be 
found in Givoni’s review paper.' All are static mod- 
els predicting the net outgoing radiation and the 
radiator stagnation temperature for given meteor- 
ological data (that is, dry bulb and wet bulb 
temperatures, cloudiness, and wind velocity). Only 
one of the models? takes into account the effects of 
windscreening or dew formation. This paper will 
investigate how windscreening affects absorbed, 
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emitted, and convective radiation. Dew formation 
is discussed here only as it pertains to the perfor- 
mance of windscreens. An in-depth discussion of 
dew formation is reserved for a later paper. 

Below is a summary of the empirical formulas 
used in the model proposed by research teams at 
Trinity University.** A sketch of the heat transfer 
paths taking place is shown in Fig. 1. 

Thesky emissivity, és, is one way of specifying the 
amount of sky radiation:*" 

és = 0.787 + 0.0028 Tap (°C). (1) 


Clark and Allen’ relate the cloudiness coefficient, 
C,, to the cloudiness level (in tenths) by the follow- 
ing formula: 

Ca = 1 + 0.0224n — 0.0035n” + 0.00028n°. (2) 

The sky temperature is then defined by Clark and 
Berdahlé in the following equations: 


Clear sky temperature: 


Teear sky (K) = (és) "4 Ta (K) (3) 
Cloudy sky temperature: 
Teloudy sky (K) = (Gye * Telear sky- (4) 


Incoming Sky Radiation 

The incoming sky radiation is determined by the 
following equation which uses the Stefan-Boltz- 
mann constant:4 


Reky 0) Tomes 
where the Stefan-Boltzmann constant is: 


0.488 x 10 ° kcal/m?” h K*, in metric units, 
0.1714 x 10° Btu/ft” h R’, in English units, 
0.56697 x 10° W/m? K“, in SI units. 


Net Outgoing Radiation 

The net outgoing radiation is the balance be- 
tween the part of the incoming radiation absorbed, 
Ravs, by the radiator and the radiation emitted, 
Remus by it. 

For a radiator, an emissivity, é, at the stagnation 
temperature, T,, and covered with a windscreening 
system of transparency, trans, the expressions of 
Rabs and Remit are as follows: 


Rabs = é * trans * Rsky (5) 
Revie trans 20 ie (6) 
Thus, net outgoing radiation, Rnet, is: 
Rnet = Remit — Rabs = 
end tranSuicoits ( Jina Camb cieatiecac): (7) 


Clark and Allen? introduce another cloudiness 
coefficient: : 


Cn = 1 —\0.056n (8) 
which can be used directly to compute Rnet as 
follows: 

Rnet = Cn ° Rnet/clear sky (9) 

where 
— & ‘(rans * o> ie = sevens bade ali) 
By linearization, since Tr — Tsky << Tsky (in kel- 
vins), one obtains the following approximation for 


Rnet clear sky 
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V Rsky 
i Rnet — Remit i. 2 Rabs 


Remit Rabs 


Windscreen 


Figure 1: A schematic diagram indicates the heat 
transfer paths of nocturnal radiant cooling. Math- 
ematical models examine their relationships. 


Rnet, expressed in W/m2 (SI units): 
Rnet = Cn * trans - er * 0.544 + (Tr — Teky) (°C). (11) 


Convective Heat Intrusion 


As soon as the radiator reaches temperatures 
below the ambient air temperature, Ta, the wind 
carries heat into the system by convection. This 
heat is quantified by the equation: 

Qe = he (Ta — Tr) (°C). (12) 

Various convective heat transfer coefficients can 
be found in the literature on radiant cooling. The 
effect of windscreening on reducing the convective 
heat intrusion can be taken into account in the 
expression of he. A comparison of the various 
models proposed for he of exposed radiators is 
shown in Fig. 2. 

The following formulas for he are suggested by 
various authors and are given in SI unit (W/m? k), 
where the wind speed is given in km/h: 

(A) Bainbridge 


he = 5.6 + 1.1v 
for v < 18 
(B) Clark and Berdahl4 
he = 2.8 + 1.1v 
for’ = V=MI6 
(C) Duffie and Beckmann® 
he = 5.7 + 1.1v 
(D) Hansen and Yellott? 
Yellott® 
he = 5.7 + 1.2v 
(E) Givoni? 


he = 0.6 + 3.5 V/v 
for an exposed radiator 


he = 0.5 + 1.2°s/v 
for a single-covered radiator 


he = 0.3 + 0.8 J/v 
for a double-covered radiator 
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(F) Givoni! 
he = 1.2 + 2.7 v*4 
for an exposed radiator 
he single-covered = 0.4 - he. 
Equation (E) is used in the mathematical model that 
we chose to compare the predicted and measured 
stagnation temperatures of the radiator. 


Stagnation Temperature 
By writing the heat equation balance 
Rnet = Q., 
one can find an expression for the radiator’s stag- 
nation temperature in °C: 


= 0.544 : Cr ‘trans: €r° Teens sky — he : La 
0.544 Ca° trans: e + he 


where h- is in W/m2K and Tetear sky aNd Ta are in °C. 


T: 


THE EXPERIMENTAL SETUP 


The radiators were made of 450 x 450 mm (17.7 x 
17.7 in.), thin, painted iron plates. The plates were 
insulated by 10-cm (3.9-in.) -thick slabs of expanded 
polystyrene on the sides and bottom. An air space 
of 1cm (0.39 in.) was left between the plate and the 
bottom insulation. Thermocouples were attached 
to the top and bottom of the plates. The plates were 
exposed to the sky. 

The windscreens consisted of either one or two 
layers of polyethylene film, the first stretched taut 3 
cm (1.18 in.) above the radiating plate and the sec- 
ond (when used) 2 cm (0.78 in.) above the first. 

Six radiant-cooling test cells were placed on the 
roof of our laboratory at the Solar Building and 
Energy Conservation Unit and monitored. 


THE DATA ACQUISITION SYSTEM 


Temperature measurements were taken with 
copper-constantan thermocouples. Wind velocity 
was measured with athree-cup anemometer at the 


20m CONVECTIVE HEAT 
Wim? *C TRANSFER COEFFICIENT 
170+ 30 ~ Brainbridge 
Clark and Berdahl A 
Duffie and 


Beckmann SE" B 
ae 
OG 


es D Hansen and Yellott 
E Givoni 
F  Givoni 


WIND VELOCITY 
16 24.5 
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\ 


32 km/h 40 
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Btu/h ft? °F a 
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Figure 2: This graph compares the different models 
proposed for the convective heat transfer coefficient. 
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Nomenclature 

Ca and C, = cloud correction factors. 

= flow rate of radiator. 
convective coefficient. 


convective heat exchange with 
ambient air. 


= absorbed sky radiation. 

emitted radiation. 
net radiant heat loss of a radiator. 
atmospheric incoming radiation. 
temperature of radiator. 
temperature of ambient air. 

Tclear sky = clear sky temperature. 

Tcloudy sky = Cloudy sky temperature. 

Tap = ambient dew point temperature. 


Tout = air outlet temperature. 


trans transparency of windscreen. 
Tsky effective sky temperature. 


o = Stefan-Boltzmann constant, the ratio 
of the emissive power of a blackbody 
per unit of area and time to the 
absolute temperature of the body. 


variable sky emissivity. 





Desert Meteorology Unit located about 50 m (164 
ft) from the Solar Building. Since the experimental 
field of the Meteorology Unit is less sheltered than 
ours, the measurements obtained can only indicate 
wind conditions. 

During the preliminary experiments, tempera- 
ture data were recorded continuously on a Chino 
chart recorder. The cumulative maximal error of 
the temperature data, due to thermocouple intrin- 
sic error and reading error, is evaluated at less than 
1.5°C (2.7°F). 

In the next stage, the thermocouples were con- 
nected to an Accurex Autodata Ten data logger. All 
channels were scanned once a minute. Tempera- 
ture data were recorded by hourly averages, com- 
puted by the data logger every hour throughout 
the night, and then sent automatically into a Su- 
perbrain microcomputer with 64K-byte memory 
(Intertec Data System) through an RS-232C inter- 
facing cable. Storage for the Superbrain was ef- 
fected on a 162K-byte floppy diskette. In every 
experiment, the data were processed each half- 
hour by the FANCY RADCOOL program, written 
especially for this project by Marco Mostrel. The 
error of the temperature measurements at this stage 
of the experiments is evaluated at less than 1°C 
(7.8°F). 


THE SEQUENCE OF THE EXPERIMENTS 


Miscellaneous Experiments 

One-half-mm-, 1-mm-, and 2-mm-thick, white, 
painted iron plates were tested between May 14 
and June 14, 1981. Thermocouples were placed 
above and below the plates at their centers. For the 
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0.5-mm (0.02-in.) plate, the difference was found to 
be, at most, 0.5°C (0.9°F). For the 2-mm (0.08-in.) 
plate, the difference between the temperatures 
above and below was found to be, at most, 2°C 
(3.6°F), reflecting the heat capacity effect. 

Two 0.5-mm (0.2-in.) -thick iron plates were 
tested between June 15 and 30, 1981, one painted 
white, the other black. Measurements of the 
temperature below the plates at their centers were 
taken at night, beginning two hours after sunset 
and ending one hour before sunrise. No significant 
difference in the temperature behavior of the two 
plates was found, because most commercially 
available paints have the same IR absorptivity- 
emissivity (about 90%). 


Preliminary Experiments 


In July and August 1981, the influence of a wind- 
screen was tested on two, 2-mm (0.08-in.) -thick 
iron plates painted white. One of the plates was 
covered with a 100-micron, transparent polyethy- 
lene film, stretched taut over the wooden frame of 
the windscreen. 

The potential for radiant cooling was assessed 
over the 60 nights of recorded data for these two 
summer months; it appeared that the average of 
the maximal depression between the ambient air 
temperature and the radiant temperature was 6°C 
(10.8°F) for the exposed radiator and 8.5°C (15.3°F) 
for the windscreened radiator. 

The exposed radiator temperature was found to 
reach, at most, an average of 4°C (7.2°F) below the 
calculated dew point temperature. This average 
maximal depression was 5.5°C (9.9°F) for the wind- 
screened radiator. 

Passing clouds were observed only on a few 
nights. Nevertheless, asimple pattern was deduced 
from these observations: clouds stop the net out- 
going radiation and, thus, reduce a rise in the 
temperatures of both exposed and windscreened 
radiators. These results were readily confirmed by 
the analysis of temperature graphs from further 
experiments. 

The preliminary experiments also showed the 
effect of increasing humidity during the night and 
the nocturnal change in cooling pattern as soon as 
moisture forms on the surface of the radiator, the 
windscreen, or both. Visual checks of the time 
when dew formed corroborated our initial as- 
sumption that dew caused the observed change in 
the rate of decrease of the radiator temperature. 
This decrease appeared to be significantly more 
important for a windscreened radiator, because 
dew changes the spectral properties of the poly- 
ethylene and transforms it into an opaque film for 
IR radiation. 


Main Experiments 


Three sets of tests were performed on 0.5-mm 
(0.02-in.) -thick galvanized iron plates painted with 
white spray paint. The first set studied the influence 
of an additional windscreen on the cooling pattern. 
The second and third dealt with the influence of 
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the type of windscreen used, that is, thickness and 
color. The FANCY RADCOOL program was used to 
graph temperature patterns throughout the night 
and included a sketch of the wind velocity. Hourly 
average data were processed rather than instan- 
taneous values. 

Between September 15 and December 15, 1981, 
three radiators were monitored: one exposed di- 
rectly to the sky, the second covered by a film of 
100-micron, transparent, polyethylene film, and the 
third covered by two films of the same polyethyl- 
ene. Cooling was found to be least efficient for the 
exposed radiator and most efficient for the single- 
covered radiator, with the double-covered radiator 
falling in between. During periods of high humid- 
ity, the three radiators reached about the same 
temperatures, indicating that windscreening would 
not increase the cooling effect in very humid 
climates. 

During the second and third sets of tests—De- 
cember 17, 1981 to January 23, 1982—it was first 
determined that the color of the polyethylene film 
had no influence on the radiator temperature pat- 
tern, presumably because it does not affect the IR 
transparency of the polyethylene. Three 60-micron 
polyethylene layers—one transparent, one blue, 
one white—demonstrated the same performance. 
Then, three thermocouples were placed at differ- 
ent points below the plates: in the center, in the 
diagonal corner, and in between these two loca- 
tions. It was found that the temperature distribution 
on the plates was uniform except at its ends. Con- 
sequently, it appeared that even a single measure- 
ment point at the center of the plate could repre- 
sent it in heat flux analyses. 

Later, five radiators were monitored. One was 
exposed directly to the sun, while a second was 
single-covered, and a third double-covered, the 
latter two with 60-micron polyethylene wind- 
screens. Two additional radiators were single- and 
double-covered with 100-micron polyethylene 
windscreens. More efficient cooling was realized 
with the thinner film. 


DATA ANALYSIS 


Typical Patterns under 
Different Weather Conditions 


Figures 3 through 6 show the temperature pat- 
terns of the exposed and the windscreened radia- 
tors under different conditions of ambient humid- 
ity, cloudiness, and wind velocity. In each of these 
figures, the following temperatures are shown: 
® ambient air, Ta; 
® ambient wet bulb, Two; 
® computed dew point, Tap; 
® surface of the exposed radiator; 

e surface of the windscreened radiators. 


Dry, Clear Nights 


The temperatures of the two windscreened ra- 
diators (single- and double-covered) on dry, clear 
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Figure 3: The graph of the night of October 13-14, 1981, 
compares the temperature patterns of exposed, single- 
covered, and double-covered radiators on a dry, clear 
night. The temperatures of the windscreened radiators 
were lower than the exposed radiator’s temperature. 
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Figure 4: A graph of the dry, cloudy night of August 
28-29, 1981, compares the effect of cloudiness on an 
exposed and a covered radiator. The temperature of 
the windscreened radiator again was lower than that of 
the exposed one. 
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nights (see Fig. 3) were significantly. lower than 
those of the exposed one throughout the night. 
Typical depressions below the ambient air temper- 
ature for the exposed radiator were about 4° to 5°C 
(7.2° to 9°F) when the wind was blowing (until 9:00 
p.m.) and 6° to 8°C (10.8° to 14.4°F) when the wind 
calmed down (from 9:00 p.m. on). For the covered 
radiators, the depressions were about 9° to 11°C 
(16.2° to 19.8°F) throughout the night. Such a pat- 
tern was observed in only 5% of the entire testing 
period. 


Dry Nights with Passing Clouds 


The temperature of the windscreened radiator 
on dry nights with passing clouds (see Fig. 4) was 
again significantly lower than that of the exposed 
one throughout the night. For the exposed radiator, 
the depression below the ambient air temperature 
increased as the wind velocity decreased, from 
about 2°C (3.6°F) at the beginning of the night to 
about 4.5°C (8.7°F) at the end of the night, except 
for two noticeable periods (at around 12:30 a.m. 
and 2:30 a.m.) when passing clouds covered the 
sky. At that time, an abrupt elevation of the radia- 
tor’s temperature was observed. For the wind- 
screened radiator, the depression below the am- 
bient air remained constant at about 6° to 7°C 
(10.8° to 12.6°F) throughout the night, except for 
the two periods mentioned above, when abrupt 
elevation of the temperature occurred. Thus, both 
the exposed and the covered radiators were less 
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Figure 5: Dew formation does affect the performance 
of a windscreened radiator. The humid, clear night of 
August 1-2, 1981, shows that three hours after dew 
formed on the windscreen the radiator’s temperature 
was the same as the exposed radiator’s temperature. 
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effective on cloudy nights than on clear nights. 
Such cloudy, but dry, conditions occurred on about 
10% of the testing nights. 


Humid, Clear Nights 


Until about 11:30 p.m., the temperature patterns 
of both the exposed and the covered radiators on 
humid, clear nights (see Fig. 5) were approximately 
parallel to the decrease of the ambient air tempera- 
ture. At about 11:30 p.m., dew formed on the poly- 
ethylene film of the windscreened radiator. The 
temperature of this radiator then rose sharply, 
reaching the temperature of the exposed one after 
a time lag of about three hours. The slight fluctua- 
tions in the depression of the exposed radiator 
temperature below that of the ambient air (at 9:00 
p.m., 11:30 p.m., and 2:30 a.m., approximately) are 
due to variations in the wind velocity. 


Humid Nights with Passing Clouds 


The pattern for humid nights with passing clouds 
(see Fig. 6) is similar to that for humid, clear nights. 
Dew formed around 10:30 p.m., and, after a time 
lag of one and one-half hours, both the exposed 
and the covered radiators reached the same 
temperature. Between 2:30 and 5:00 a.m., large 
cloud formations caused the radiators’ tempera- 
tures to rise. The patterns described in this and the 
preceding paragraph are typical of dew formation 
and were observed in roughly 85% of the testing 
period. 


DISCUSSION OF THE RESULTS 


Dew Formation 


The chief element related to the design of the 
radiant system which negatively affects the radiant 
cooling of the windscreened radiator is the forma- 
tion of dew. It was concluded from the observations 
that dew formation caused the rise in radiator 
temperature at some stage of the night. Asharp rise 
in the windscreened radiator’s temperature can be 
observed from the moment when droplets of dew 
form on the polyethylene. Eventually, the wind- 
screened radiator’s temperature reaches that of 
the exposed radiator after a time lag evaluated to 
be between one and three hours. A more elaborate 
attempt to predict the duration of this time lag will 
be made in the future. 

It appears from these observations that wind- 
screening the radiators becomes ineffective in 
humid weather. The advantages of windscreening 
are lost when the polyethylene film is covered with 
dew. Then, the film itself becomes the radiator and 
behaves nearly like the exposed plate. 

Figure 7 shows that dew forms at about the same 
time on the polyethylene of both the single- and 
double-screened radiators and that the time lag is 
about the same in either case. 

Dew formation depends, of course, on the cli- 
matic conditions. To prevent it, the difference be- 
tween the air and the dew point temperatures 
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Figure 6: The night of July 12-13, 1981, was humid and 
cloudy. This graph shows the combined effects of dew 
formation and cloudiness on an exposed and a covered 
radiator. After a time lag of one and one-half hours, the 
temperature of the windscreened radiator reached that 
of the exposed radiator. 


should be greater than the drop of the radiator’s 
temperature below that of the ambient air. How- 
ever, quantitative determination of the combina- 
tions of air temperature, humidity, wind speed, 
and cloud cover when dew starts to form requires 
more research. 


Effect of Windscreening 


Windscreening radiators significantly reduces 
the intrusion of heat by convection. The polyethyl- 
ene film reduces the wind-driven transfer of heat 
from the warmer ambient air to the cooler radiator. 
However, this favorable effect on limiting the con- 
vective heat gain of the radiator is counteracted by 
the reduction of the net outgoing radiation caused 
by the partial opacity of polyethylene (70% trans- 
parency for a single cover, 60% for a double). Evi- 
dence of the “wind-stop” effect of windscreening 
can be seen in the radiator temperature-versus- 
time graphs. When the wind is blowing and before 
dew forms, the curve corresponding to the exposed 
radiator has a slope greater than that of the curve 
corresponding to the ambient air; however, the 
curve corresponding to the single- or double-cov- 
ered radiator has a slope equal to that of the curve 
corresponding to the ambient air (see Figs. 3, 7, and 
8). It is indeed reasonable to infer, as one reviewer 
pointed out, that because wind speed is strong in 
the early evening and subsides gradually towards 
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Figure 7: The time lag between dew formation and 
when the windscreened radiators’ and the exposed 
radiator’s temperatures are equal is the same for both 
single- and double-covered radiators. The night of Oc- 
tober 11-12, 1981, also illustrates that dew forms on 
both of the covered radiators at about the same time. 


10 p.m., a change is reflected in the respective 
temperature patterns of the two radiators. 


Single Windscreening Versus 
Double Windscreening 


The effect of the number of windscreens was 
investigated with polyethylene of different thick- 
nesses: 60 and 100 microns. According to the results 
obtained for both 60- and 100-micron polyethylene 
films, a second layer of polyethylene adversely af- 
fects the net heat loss (see Fig. 8). Although the 
second windscreen eliminates wind-driven intru- 
sion of the warmer ambient air and the fluttering of 
the first windscreen, it apparently also reduces the 
IR radiation exchange between the sky and the 
radiator, thus reducing the overall cooling effect. 
Therefore, maximum net cooling is achieved when 
a single polyethylene windscreen is used. 


Thickness of Polyethylene 


In Fig. 8, the influence of the thickness of poly- 
ethylene on the effect of windscreening is illus- 
trated. Of the two double-covered radiators, the 
one covered with 60-micron films was cooled be- 
tween 1° and 3°C (17.8° and 5.4°F) lower than the 
one covered with 100-micron films; of the two 
single-covered radiators, the one covered with 60- 
micron polyethylene was also cooled between 1° 
and 3°C (1.8° and 5.4°F) lower than the one with 
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100-micron film. Apparently, transparency of poly- 
ethylene is a function of its thickness. 

Figure 8 also indicates that the thickness of the 
polyethylene does not affect the time when dew 
forms (around 7:00 to 8:00 p.m.), but does affect 
the time lag of the temperature increases. 


Effect of Cloudiness 


Cloudiness affects the IR radiation exchange be- 
tween the radiator and the sky by reducing the 
intensity of the radiation fluxes going each way by 
the same attenuating factor. The result is a reduc- 
tion of the net outgoing radiation and arise inthe 
radiator temperature, whether it is windscreened 
or not. In Fig. 4, passing clouds occurred between 
11:30 p.m. and 4:30 a.m. Greater cloudiness was 
present between 11:30 p.m. and 2:00 a.m. than 
between 2:00 a.m. and 4:30 a.m., as demonstrated 
by the larger rise in temperature of both the wind- 
screened and the exposed radiators during the first 
period than during the second one. Figure 6 shows 
that complete overcast between 2:30 and 5:30 a.m. 
eliminated almost all cooling of both the exposed 
radiator and the (dew-covered) windscreened one; 
at 4:00 a.m., the temperatures of both radiators 
reached that of the ambient air. 


Influence of Other Factors 


Dust that accumulates on the windscreens re- 
duces the polyethylene transparency. However, the 
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Figure 8: The night of January 11-12, 1982, illustrates 
that the thickness of the polyethylene windscreens 
does not affect the time when dew forms, but it does 
affect the time lag of the temperature increase. The 


thinner windscreen was more effective than the 
thicker. 
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effect of dust was not investigated and will be stud- 
ied in the continuation of this project. Rain and 
wind affect, in the long run, the tightness of the 
windscreen stretching. One way to avoid the rup- 
turing of the polyethylene film and its fluttering in 
roof-size applications is to stretch the polyethylene 
over a small-mesh, metal net. Sealing the wind- 
screen onto the support of the radiator—to avoid 
air infiltration—is also required. 


Factors without Apparent Effect 


The color of the radiator and the windscreen 
does not seem to affect any of the cooling patterns 
described, since most commercially available paints 
are about 90% black in the infrared range, and the 
color of polyethylene does not affect its transpar- 
ency to IR radiation. Thus, the radiating plate and 
windscreen colors are irrelevant. During the day- 
time, the color of the radiator would have tre- 
mendous effect on its temperature, but it is, of 
course, covered during these hours. 


COMPARISON BETWEEN PREDICTED 
AND MEASURED DATA 


From our data analysis, it appears that dew for- 
mation on windscreened radiators affects their 
temperature patterns in a significant way. In order 
to interpret this physical phenomenon and to for- 
mulate its effect on the radiator’s stagnation 
temperature, the data computed with the math- 
ematical model presented above was compared to 
our measured data. The sole purpose of this study 
was to show that dew formation has to be included 
in the prediction models in order to match experi- 
mental results. No validation of the models has 
been attempted for these reasons: 

@ wind measurements for the experiments de- 
scribed in this paper were inaccurate; 

® no cloudiness measurements were available; 

@ no measurement of the transparency of the poly- 
ethylene films used as windscreens has been 
done; 

@ none of the formulas proposed for the convec- 
tive heat transfer coefficient, hc, of windscreened 
radiators has been validated. 

The comparison between predicted and mea- 
sured radiator stagnation temperatures used the 
following assumptions in the computations: 


@ a clear sky throughout the night; 

®@ a transparency of 70% for a one-cover wind- 
screening system and of 60% for a two-cover 
system, since the polyethylene film used was 
100-microns thick. 


RESULTS OBTAINED 


Figures 9 through 12 show the superposition of 
predicted and measured temperature patterns for 
an exposed, a single-covered, and a double-cov- 
ered radiator, using windscreens made of 100-mi- 
cron-thick, transparent, polyethylene film. Also 
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Figure 9: The predicted and the measured temperature 
patterns for the dry, clear night of October 13-14, 1981, 
are very similar. 


shown on the temperature-versus-time graphs are: 


@ measured ambient air temperature, Ta; 
@ measured wet bulb ambient temperature, Tw»; 
@ measured wind speed. 


Dry, Clear Nights 


For the exposed radiator on dry, clear nights (see 
Fig. 9), the predicted and the measured tempera- 
ture patterns are similar, with a maximal discrepan- 
cy of 2.7°C (4.9°F) between 12:00 and 1:00 a.m. 
Since the wind speed reached low values after 9:00 
p.m., the single- and the double-covered radiators 
reached about the same temperature throughout 
the night. Figure 9 shows these results for both the 
predicted and measured temperature patterns. The 
predicted data are above the measured data 
throughout the night. The difference between the 
predicted and measured data decreases through- 
out the night, however, from 2° to 3°C (3.6° to 
5.4°F) at the beginning to 0° to 0.5°C (0° to 0.9°F) at 
the end. 


Dry Nights with Passing Clouds 


The temperature pattern for an exposed radiator 
on dry nights with passing clouds (see Fig. 10) is 
similar to that for dry, clear nights, except for the 
period after midnight. The maximal discrepancy 
between predicted and measured data for the ex- 
posed radiator is 1.4°C (2.5°F) between 12:00 and 
1:00 a.m. 

No significant difference between the tempera- 
ture of the single-covered radiator and that of the 
double-covered occurs throughout the dry, cloudy 
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Figure 10: On the dry, cloudy night of October 17-18, 
1981, the difference between the predicted and mea- 
sured temperatures of single- and double-covered ra- 
diators was not significant. 
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Figure 11: Humid, clear nights, such as the evening of 
October 11-12, 1981, affect predicted and measured 
results of windscreened radiators. After dew forms, the 
measured patterns exhibit a sharp rise not anticipated 
in the predicted patterns. 
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night, either in the predicted or the measured 
pattern. After midnight, arise in the measured, but 
not in the predicted, temperature patterns can be 
seen for all three radiators. This difference is a 
result of clouds passing by, thereby affecting the IR 
radiation exchange between the radiators and the 
sky. For the period ending at midnight, the differ- 
ence between predicted and measured data de- 
creases from between 1.5° and 2.6°, to 0°C (2.7° 
and 4.7° to 0°F). 


Humid, Clear Nights 


The nocturnal radiator temperature patterns for 
humid, clear nights (see Fig. 11) are similar to those 
for dry, clear nights (see Fig. 9), until dew forms at 
10:00 - 11:00 p.m. For the exposed radiator, the 
predicted and the measured temperature patterns 
have the same shape, with a maximal discrepancy 
of about 2.3°C (4.1°F). For the single- and the dou- 
ble-covered radiators, the predicted and the mea- 
sured temperature patterns show little difference 
because of low wind speed. After dew forms, how- 
ever, the picture is significantly different from that 
corresponding to a dry night. For the exposed ra- 
diator, the predicted temperature pattern roughly 
follows the measured one, with a maximal discrep- 
ancy of 2.6°C (4.7°F). However, for the wind- 
screened radiators, the predicted temperature 
patterns do not exhibit the sharp rise observed for 
the measured ones, a rise caused by dew formation. 
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Figure 12: On September 18-19, 1981, ahumid, cloudy 
night, wind speed affected the difference between the 
double- and single-covered windscreens. The double- 
covered radiator’s predicted temperature was 6°C 
(10.8°F) higher than that of the single-covered’s pre- 
dicted temperature, until around midnight. 
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Humid Nights with Passing Clouds 


The temperature patterns for humid nights with 
passing clouds (see Fig. 12) are similar to those for 
humid, clear nights (see Fig. 11). In this case, dew 
forms between 10:00 and 11:00 p.m. After that time, 
the predicted temperature patterns for both wind- 
screened radiators do not follow the measured 
ones, and no sharp temperature increases are ob- 
served. The predicted temperature pattern for the 
exposed radiator roughly follows the measured 
one, with a discrepancy ranging from 1° to 1.5°C 
(7.8° to 2.7°F). 

However, on a humid night with passing clouds, 
differences in temperature patterns can be noted. 
Until about midnight, the measured temperature 
of the double-covered radiator reaches 2° to 3°C 
(3.6° to 5.4°F) above the measured temperature of 
the covered radiators. The predicted temperature 
of the double-covered radiator reaches 0.6°C 
(1.1°F) above the predicted temperature of the sin- 
gle-covered radiator, because the wind speed for 
this period is higher than that for dry, clear nights 
or for dry nights with passing clouds. 

After midnight, this pattern becomes less pro- 
nounced, but the influence of passing clouds can 
be seen. Between 2:00 and 5:00 a.m., the maximal 
discrepancy between predicted and measured data 
for the exposed radiator ranges from 1.6° to 2.2°C 
(2.9° to 4°F) and varies from 1° to 1.5°C (1.8° to 
2.7°F) for the rest of the night. For the wind- 
screened radiators, temperature increases can be 
seen inthe measured temperature pattern, but not 
in the predicted one. 


CONCLUSIONS 


Dew Formation 


When dew forms on the windscreens of the cov- 
ered radiators, the radiators’ temperatures rise no- 
ticeably. Yet, the predicted temperature patterns 
for humid, clear nights and for humid, cloudy 
nights did not anticipate such an increase. 


Wind-Driven (Convective) Heat Gain 


For dry, clear nights and for humid, clear nights, 
the measured temperature patterns differed from 
the predicted results only slightly. The exposed 
radiator had a maximal discrepancy of 3°C (5.4°F) 
and the covered radiators, as long as dew did not 
form and the wind speed was low, had a maximal 
discrepancy of 3°C (5.4°F). The predicted data were 
usually above the measured data. 

On humid, cloudy nights, for the period preced- 
ing the formation of dew, it is seen that, for moder- 
ately high wind speeds, the shape of the wind- 
screened radiator temperature pattern is correctly 
predicted, although the range is not. 


Cloudiness 


This study demonstrated that the effect of cloudi- 
ness on the radiator stagnation temperature is sig- 
nificant. However, no cloudiness measurements 
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were available for the experiments desribed in this 
paper, and the cloud cover was evaluated visually. 
Therefore, no quantitative conclusion regarding 
the cloudiness coefficient used in the mathematical 
model for the prediction of the radiator stagnation 
temperature can be made here. 


Under stagnation conditions, the temperature of 
a nocturnal radiating plate can reach more than 
10°C (18°F) below ambient air, because, at night, 
the net balance of radiation being transferred to 
and from the plate is positive. Clear skies, still air, 
and dry weather increase the net outgoing radia- 
tion. Cloudiness reduces the net heat loss, so the 
effectiveness of radiant cooling is greatly dimin- 
ished in regions which are cloudy at night. 

The intrusion of wind-driven heat can be re- 
duced significantly by covering the radiator system 
with windscreening of polyethylene film, the best 
results occurring when the thinnest-possible, single 
layer of polyethylene is used. However, wind- 
screened radiators provide more cooling than ex- 
posed ones only so long as dew does not form on 
the film. When dew does form, after a short time 
lag, both exposed and windscreened radiators fol- 
low similar temperature patterns. Thus, the dew 
nullifies the favorable effect of windscreening and 
becomes the controlling factor in design. 

The existing mathematical models for predicting 
radiator stagnation temperature do not fit the 
experimental results obtained for windscreened 
radiators, because they do not address the effect of 
dew formation. These models must be modified to 
include the influence of dew on the heat transfer 
processes, if they are to predict correctly the stag- 
nation temperature of a nocturnal radiator. 
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surface to a Trombe wall in 

Medford, Oregon? What is the 
difference in performance be- 
tween a vented and an unvented 
Trombe wall in Charleston, South 
Carolina? How about sunspaces in 
Burlington, Vermont: is vertical 
glazing feasible, or is tilted glazing 
the only economical approach? 
What is the penalty for using light- 
colored thermal mass? 

If questions such as these are 
important to you, the Passive Solar 
Design Handbook, Volume Three 
should be obtained immediately. 
Put together by the Solar Group at 
Los Alamos National Laboratory, 
this volume greatly expands upon, 
andin many sections replaces, the 
material originally presented in 
the Passive Solar Design Hand- 
book, Volume Two, published in 
January 1980. 

Volume Two presented two 
techniques for analyzing the per- 
formance of typical saree solar 
buildings, the load collector ratio 
(LCR) method and the solar load 
ratio (SLR) method. The LCR meth- 
od, while not as flexible, pro- 
vides a quick estimate of the an- 
nual auxiliary heating needs of any 
given design using Trombe walls, 
waterwalls, or direct-gain systems 


s it worth adding a selective 
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(with or without night insulation). 
Although limited by certain as- 
sumptions about glazing type, 
amount of thermal mass, and 
so on, this method is wonderfully 
simple. 

The designer has only to deter- 
mine the building-load coefficient 
through standard heat-loss equa- 
tions and divide by the collector 


area to obtain the LCR. The LCR 
tables for 219 cities in the United 
States and Canada provide anoth- 
er number Known as the solar sav- 
ings fraction (SSF) for direct-gain, 
Trombe wall, or waterwall sys- 
tems. The term (1-SSF) is multi- 
plied by the building-load coeffi- 
cient and the degree days of that 
location to estimate the building’s 
auxiliary fuel use during a typical 
winter. 

Not only is the LCR method very 
quick, taking only a few minutes 
once the heat-loss calculations are 
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Volume Three and Supplement. 
Hardcover. 668 + 190 pp. 


ity and monthly output, the SLR 
method has been commercially 
programmed for computers and 
programmable calculators. 

Volume Three retains both the 
LCR and SLR methods, but ex- 
pands upon them both. The LCR 
tables, in particular, have evolved 
into a veritable ocean of useful 
data. Whereas Volume Two listed 
only six basic reference designs, 
Volume Three now presents 94, 
including: 


@ 15 waterwall designs, includ- 
ing variations in thermal mass, 
number of glazing, selective 
surfaces, and night insulation; 

@ 21 vented Trombe wall de- 
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done, but the tables provide a 
means of comparing the perfor- 
mances of different passive solar 
systems and of visualizing the re- 
sult of varying the size of the col- 
lector area relative to the net 
heating load of the building. 

The SLR method, on the other 
hand, requires considerably more 
work but does allow for changes 
in orientation and tilt of the glaz- 
ing, internal heat generation, and 
variations in the thermostat set- 
point. It can also be used for loca- 
tions not listed in the LCR tables 
but for which complete weather 
data are available. 

If performed by hand, using the 
worksheets in Volume Two, the 
full set of SLR calculations for any 
given design can usually be done 
in about one hour and result in 
monthly as well as annual esti- 
mates of the SSF and auxiliary fuel 
use. Because of its greater flexibil- 





signs, including variations in 
thermal mass, thermal con- 
ductivity, number of glazings, 
selective surfaces, and night 
insulation; 

@ 21 unvented Trombe wall de- 
signs, allowing for the same va- 
riations as in vented Trombe 
walls; 

e@ 9 direct-gain designs, includ- 
ing variations in thermal mass, 
mass-to-glazing-area_ ratio, 
number of glazings, and night 
insulation; 

@ 28sunspace designs, including 
two different attached geome- 
tries and three semienclosed 
geometries, and allowing for 
variations in thermal mass, 
glazed or insulated end walls, 
and night insulation. 


As in Volume Two, these refer- 
ence designs are given in tables 
for 219 cities in the United States 
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and Canada, and the SSF is given as 
a function of the LCR. 

At first, the 150-plus pages of 
LCR tables seem overwhelming. 
Indeed, there are so many refer- 
ence designs that they are coded 
in the tables, making it necessary 
to flip back constantly to the pages 
that define each system. While this 
is a bit of a nuisance, the amount 
of information, both qualitative 
and quantitative, in these tables is 
truly fabulous. One can simply 
scan the tables for any given loca- 
tion and quickly get a feel for 
which system will provide the best 
annual performance and for the 
effects of changing such things as 
amount of mass or number of 
glazings. 

For example, if we wished to de- 
sign a house for Concord, New 
Hampshire, with a SSF of 30%, a 
glance at the LCR table would re- 
veal that the best performers are 
waterwalls and Trombe walls, al- 
though both direct gain and sun- 
spaces with night insulation are 
not far behind, and a mix of sys- 
tems might prove most attractive. 
Looking more closely at the data 
on waterwalls, we notice that a tri- 
ple-glazed waterwall appears to 
be relatively ineffective; in fact, by 
replacing it with an equal area, 
single-glazed waterwall with night 
insulation and selective surface 
(the clear performance winner), 
the SSF would increase from 30% 
to almost 60%! 


From the same table we might 
also note that double glazing wa- 
terwalls with selective surfaces 
does not generally improve per- 
formance and is actually a detri- 
ment if night insulation (R-9) is 
used. Increasing the mass in wa- 
terwalls will increase perfor- 
mance but has little beneficial ef- 
fect with unvented Trombe walls 
that do not use selective surfaces 
or night insulation. 


Perhaps the client in Concord is 
particularly interested in  sun- 
spaces. Again, a brief look at the LCR 
tables shows that without night in- 
sulation it would be difficult to ob- 
tain substantial solar savings frac- 


tions, except perhaps with tilted 
glazing in semienclosed designs 
(integrated into the house rather 
than attached). In attached sun- 
space designs, glazing the east and 
west walls will have a detrimental 
effect but may be acceptable if 
night insulation is used. 

The list of qualitative insights 
could go on and on just for Con- 
cord. To be sure, the quantitative 
results of the LCR method will 
not always be as accurate as the 
SLR method, which in turn will 
not be as accurate as full-blown 
computer simulations, but they 
provide something which may be 
even more important: initial gui- 
dance on any project involving 
passive solar design. Knowing 
where to start can save a tre- 
mendous amount of time later in 
the design process. 

To add to the usefulness and 
flexibility of the LCR tables, many 
sensitivity curves are included for 
direct-gain and sunspace designs 
in Volume Three. These allow for 
graphic interpretation of varying 
different parameters in the refer- 
ence designs. What happens, for 
instance, if the mass distribution 
is substantially different from that 
assumed in the reference design? 
Or if the Trombe wall is made of 
brick rather than concrete? Or if 
the glazing tilt on the sunspace is 
different from 90° or 50°? The 
sensitivity Curves Cover most im- 
portant variables in typical sys- 
tems and are reasonably easy to 





use. Together with the LCR ta- 
bles, they offer a very valuable 
tool, particularly inthe schematic 
design phase, where a few min- 
utes with these tables and curves 
can be worth days of computer 
simulations or years in the school 
of hard knocks. Unfortunately, 
Volume Three does not include 
sensitivity curves for Trombe walls 
and waterwalls. This information, 
however, is covered quite well in 
Volume Two, which should be 
considered an indispensible com- 
panion to Volume Three. 


A new and very welcome addi- 
tion to Volume Three is the chap- 
ter on “Balancing Conservation 
and Solar” by J. Douglas Balcomb. 
This addresses the questions asked 
during the preliminary design 
phase of every low-energy build- 
ing: How much energy conserva- 
tion and how much passive solar? 
What is the optimum mix? In a 
very straightforward way, with ex- 
cellent discussion and good ex- 
amples, this chapter explains how 
to answer these questions. 

To determine the near optimum 
mix, the designer first chooses the 
intended passive system and the 
approximate SSF he or she hopes 
to achieve. A “conservation fac- 
tor” is obtained from the tables 
and entered in a set of simple 
equations that provide the opti- 
mum R-values for walls, ceilings, 
floors, basements, perimeters, and 
even the optimum air-infiltration 
rates. Since this procedure gives 


Fig. 4-23. Common wall vents. The 


projected area, Ap» equals the 
north common-wall area in the sun- 
space reference designs. 


The com- 
bined vent area is A. The vent 
area fraction is A/Ay (0.06 for the 
reference designs). The vertical 
distance between the vent centers 
is H (8 ft for the reference 
designs). 


Volume Three extends the Los Alamos passive calculations methods by 
increasing the number of base cases, reference designs, and sensitivities of 
varying parameters. This figure from page 111 identifies the reference design 
dimensions for thermocirculation vents in a Trombe-like application. 
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the most economical mix of con- 
servation and solar, it requires typi- 
cal cost data on both the passive 
system and conservation features. 
These cost data have become readi- 
ly available in recent years, and 
since there is a very large range of 
near optimum mixes, the proce- 
dure should prove very useful 
even when exact costs are not 
known. 

Helpful recommendations are 
provided for choosing the value of 
SSF, including a map of the United 
States showing suggested starting- 
point values. Selecting the system 
type is also of great importance, 
but this is left to the reader. It must 
be realized from the previous dis- 
cussion that some systems in given 
locations are clearly superior to 
others, both in terms of perfor- 
mance and economics. It is highly 
recommended that the user spend 
some time with both the LCR ta- 
bles and cost data before choos- 
ing the system type. 


Volume Three also includes 
some modifications to the SLR 
method of calculating the month- 
ly SSF and auxiliary fuel use, which 
is of prime importance during the 
final design stages. A new parame- 
ter, the average clearness ratio, is 
introduced and is included in the 
weather data tables. This factor 
apparently improves the accuracy 
of the calculations which estimate 
the solar radiation incident on 
various surfaces, particularly in 
cloudy climates. New graphs are 
presented which estimate the 
amount of solar radiation trans- 
mitted through glazings at differ- 
ent orientations and tilts. The 
procedure, which requires the 
use of weather data tables, is rela- 
tively easy to use and provides 
site-specific results. In addition, 
this procedure may well be used 
by itself during the schematic-de- 
sign phase to determine the ef- 
fects of changes in orientation 
and tilt of the glazing. 

The other modification to the 
SLR method is the addition of ta- 
bles which provide an estimate of 
the amount of light actually ab- 


sorbed in the space (versus the 
light reflected back out through 
the glazing). This can have a signif- 
icant impact on the results and is 
most important for sunspaces of 
direct-gain systems which may 
have light-colored interiors. The 
tables for these absorption factors, 
however, are not particularly easy 
to use and are clearly limited by 
the initial assumptions of the actu- 
al colors of various surfaces be- 
hind the glazing. Since the owner 
of the building may well change 
surface colors radically, the pre- 
diction of solar absorptance is 
somewhat academic, and these 
tables will probably be aban- 
doned in favor of simpler sensi- 
tivity curves (curves for mass ab- 
sorption are provided for both 
direct gain and sunspaces in Vol- 
ume Three). 

The monthly SLR method is a 
powerful and accurate technique 
for analyzing the performance of 
typical passive solar buildings. It 
does take some time when done 
by hand, however, and is often 
used in computer and calculator 
programs. To encourage this de- 
velopment, all SLR correlations, as 
well as the basic equations used in 
formulating all tables and graphs, 
are given in the text and appen- 
dices. 

Although the inclusion of this 
information should be very help- 
ful for developing computer soft- 
ware, its presence may lead to 
confusion. In many places the dis- 
cussion shifts abruptly from nec- 
essary basic information to de- 
scriptions of equations and corre- 
lations which are of interest only 
to scientists and programmers. 
The unwary reader may well be- 
come frustrated trying to under- 
stand seemingly irrelevant ma- 
terial. 


As with Volume Two, Volume 
Three makes no attempt to con- 
sider the issue of cooling, an im- 
portant consideration in many 
parts of the country which may 
indeed be affected by designs us- 
ing large amounts of glass for pas- 
sive gains. Generally, precautions 


dictated by common sense will 
prevent these problems, but until 
further work has been done in this 
area, the cooling issue must be 
dealt with by the individual de- 
signer. 

The most common criticism of 
Volume Three will undoubtedly 
be that it is an incomplete work. 
The designer will have to refer to 
Volume Two for some definition 
or procedure, and this can be time 
consuming. In many instances, 
finding a piece of information may 
require searching through various 
parts of Volume Three, only to be 
referred finally to Volume Two. In 
other cases, such as using the SLR 
method, the basic information in 
Volume Two must be modified 
with the new material in Volume 
Three. 

The problem, of course, is that 
Volume Three expands upon but 
does not replace Volume Two. 
Fortunately, Volume Three con- 
tains a very thorough 34-page in- 
dex which covers both volumes. 

Allin all, Volume Three is very 
well done, and what faults it does 
have are far outweighed by the 
tremendous amount of invalua- 
ble information presented. Many 
building designers whose main 
contact with passive solar designs 
has been through picture books 
may be scared off by the sounds 
of crunching numbers which seem 
to emanate from this volume. It 
is, however, written for the intel- 
ligent layman and rarely uses 
more than basic arithmetic (the 
authors, most of whom are used 
to having differential equations 
for breakfast, deserve major cred- 
it here). 


With both Volume Two and Vol- 
ume Three, a typical home de- 
signer with only minimal expo- 
sure to solar heating should be 
able to understand and use the 
LCR method in about five to ten 
hours and the full SLR approach 
in an additional five to ten hours. 
The time spent on understanding 
the tools presented here should 
pay for itself on just one project. 
Some skeptics may still ask, “‘Is it 
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worth the time and trouble?” | 
can only answer, ‘“‘Are birds glad 
they have wings?”O 


he first Passive Solar Journal 
‘T ee (vol. 1, no. 1, January 

1982) published comprehen- 
sive book reviews of the Passive 
Solar Design Handbook, Volume 
One and Two. The final review 
concluded with a statement that 
Volume Two “is without parallel 
and fills... a big void. Let us hope 
that a revised edition, with clearer 
logic and better writing, will be 
prepared soon.” Slightly over a 
year later, Volume Three, a reitera- 
tion, partial refinement, partial re- 
placement, and extension of Vol- 
ume Two has arrived. Is it clearer in 
its logic and better written? 

The answer to this question is 
yes, no, and sometimes. First, it 
has a thorough index covering 
both volumes which makes locat- 
ing and identifying information 
vastly easier. This comes as a wel- 
come relief to all users of both 
works. Second, Volume Three 
provides much more detail, offer- 
ing the designer greater variety, 
flexibility, and opportunity in se- 
lecting and evaluating passive 
system options. The number of 
reference designs and sensitivity 
curves is incredibly awesome. 

Chapter 1 introduces the in- 
formation presented in Volume 
Three. It contains an excellent 
section on terminology which 
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concludes with a discussion of so- 
lar savings. Solar savings fraction 
(SSF) is accurately defined and 
emphasized as being useful only 
as an intermediate step toward 
bottom-line energy performance: 
auxiliary heating requirement. 


As for summer performance, 
cooling considerations are given 
only nine lines of discussion in 
the entire 650-page-plus docu- 
ment. Designers need to know 
and understand the thermal im- 
pact of passive systems on an an- 
nual basis. Too often, sacrifices 
are made in summer performance 
for increased winter benefit, while 
the net annual result is an in- 
creased thermal liability. Al- 
though not necessarily the intent 
of the authors of Volume Three, 
what is needed is a comprehen- 
sive look at all passive technolo- 
gies. This would include an analy- 
sis of thermosiphon, Skytherm, 
and roof-pond systems as some 
additional exemplary types. En- 
ergy analysis should assess heat- 
ing, cooling, daylighting, and in- 
tegrated approaches. Nine lines 
on cooling in this document is an 
embarrassing start. 


Chapter 2 partially overcomes 
this deficit by providing a valuable 
discussion of an important issue of 
energy-conscious design: “insola- 
tion versus insulation.” The chap- 
ter describes a process which at- 
tempts to optimize both the con- 
servation and passive solar strat- 
egies of a design project on a 
regional basis. A step-by-step pro- 
cedure is outlined, and a sample 
problem is presented. Architects 
always appreciate examples to 
guide them through a complex 
quantitative process. 

Direct gain is described and de- 
fined in chapter 3, but, in terms of 
overall organization, is better 
placed in Volume Two. In this 
chapter, the concept of sun tem- 
pering or low-mass, direct-gain 
buildings is also discussed. This 
information is especially benefi- 
cial to those people who ap- 
proach passive design without 
incorporating large amounts of 
thermal storage, often the case for 
mass-market homebuilders. 

The graphic cross section illus- 
trated in chapter 3 does an aver- 
age job depicting the compo- 
nents of a direct-gain building 
but needs to present more clearly 


the basic ingredients of a solar 
system (collection, storage, dis- 
tribution, and control), especially 
at this early stage of introducing 
the direct-gain concept. Interest- 
ingly, the building section is re- 
miniscent of an early Santa Fe so- 
lar house. The vertical glazing 
height and subtle earth berm give 
it away. We all know that earth 
berms are not inherent features 
of adirect-gain building. Overall, 
many more graphics in a consist- 
ent, clear, bold format would im- 
prove both Volume Two and 
Three. They would help explain 
and visually reinforce the con- 
cepts, while making the material 
less formidable and more digest- 
ible. 

Chapter 4 discusses sunspaces 
and provides information not re- 
ported previously in Volume Two. 
Like chapter 3, it concentrates on 
various sensitivities of the refer- 
ence designs. In the sensitivity 
graphs, some design parameters 
are varied while others are held 
fixed, resulting in a modified so- 
lar savings fraction when com- 
pared to the reference design. 
More on this later. 

Chapter 5 identifies the solar 
load ratio (SLR) method. You will 
not find procedures, worksheets, 
or examples here. Instead, as in 
many areas of the text, reference 
is made to Volume Two for 
specifics. 

The nearly 500 pages of ap- 
pendices represent approximate- 
ly 75 percent of Volume Three. 
Appendix A consists of Volume 
Two errata and allows those of us 
who were already keen on the 
many minor errors in the earlier 
volume to check and see if we 
have caught them all. Appendix B 
provides the conservation factors 
necessary for the equations used 
in chapter 2, “Balancing Conser- 
vation and Solar.” 

In Appendix C, SLR correla- 
tions are given, and the various 
SSF-versus-monthly solar/degree 
day (S/DD) graphs are plotted. 
These graphs essentially replace 
those in Volume Two, since there 
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are now nine for direct gain and 
twenty-eight new sunspace op- 
tions. Why are there no plots for 
new Trombe-wall and waterwall 
reference designs? 

Appendix D, “Weather Data,” 
and Appendix E, ‘Solar Radiation 
Approximations,” replace Appen- 
dix A and much of Appendix Cin 
Volume Two. A significant change 
here is the addition of a new pa- 
rameter, the average clearness ra- 
tio (K,), which allows for more ac- 
curate solar radiation approxima- 
tions, especially in cloudy cli- 
mates. Equally important, but not 
expanded on, are site context 
and solar geometry, also briefly 
discussed in Volume Two. A more 
detailed discussion of these fac- 
tors is necessary in any future 
volumes. 

Replacing a portion of Appen- 
dix F in Volume Two, Volume 
Three’s Appendix F lists SSFs re- 
sulting from various LCRs_ for 
each of the 94 reference designs 
in each of 219 cities in the United 
States and Canada. This extensive 
listing is extremely useful and 
valuable to a designer, especially 
during the early design stages 
when quick and accurate assess- 
ments are needed. Design deci- 
sions can be evaluated for various 
system types; systems and varia- 
tions within the same system can 
also be compared against one 
another. The tables are neatly or- 
ganized and easy to read and 
use although printed in signifi- 
cantly reduced type size. 


Appendix G consolidates the 
sensitivity data for direct gain and 
sunspaces onto useful graphs. 
(Trombe-wall and waterwall sen- 
sitivities remain in Volume Two.) 
To good effect, the technique of 
chapters 3 and 4 is applied: one 
or two design parameters are var- 
ied, while the others remain 
fixed. At every design stage this 
becomes an important tool for a 
designer, since it allows a closer 
look at aspecific design and pro- 
vides a method to estimate ap- 
proximate differences in perfor- 
mance based on the changes 


relative to the reference design. 

Some of the many parameters 

that are varied include the follow- 

ing: 

@ For direct gain: thermal storage 
mass properties, mass surfaces, 
mass distribution, solar absorp- 
tion, mass coverings, number of 
glazings, temperature bounds, 


overheating, temperature set- 
backs. 


@ For sunspaces: thermal storage 
volume, storage container 
shapes, sunspace orientations, 
glazing tilt, sunspace width, 
number of glazings, glazing 
thickness, solar absorptance, 
vent areas, thermostat set points. 


For the sensitivies, several cities 
are chosen to represent a wide 
geographical and climatic range. 
Each city has its January heating 
degree day and average solar radi- 
ation value plotted. From this in- 
formation a designer can select a 
city which climatically corresponds 
closely to the building site and use 
the corresponding sensitivities. This 
is where the process begins to 
break down. There are not enough 
cities, nor are the cities selected 
representative enough to cover a 
full range of climatic zones. Ac- 
cording to the plotting, climate 
zones not fully accounted for are 
areas with (a) high heating degree 
day and low solar radiation values 
and (b) mid-range solar intensities 
(900-1,200 Btu/ft? day, 2.8-3,8 
kWh/m? day). For example, it would 
be difficult for a designer in Buffalo 
or ina colder climate with equally 
low solar availability to take full 
and accurate advantage of the sen- 
sitivity data. A sensitivity study 
should allow a designer to con- 
tinue to fine tune a design during 
the various design stages. If a cli- 
mate area is improperly selected, 
invalid interpretations can be 
made. If arepresentative city is not 
available, then the ability to further 
assess and improve upon the de- 
sign is inhibited. 

As a whole, Volume Three 
presents anumber of opportuni- 
ties which permit further explo- 


ration of passive solar systems. Its 
substantially new and updated in- 
formation verifies the notion that 
passive solar design and analysis 
methods are continually evolv- 
ing. A worthy note: Do not be 
intimidated by the size of Volume 
Three or by the seemingly end- 
less tables and graphs in the ap- 
pendices. The LCR and SLR meth- 
ods are no more complex than in 
Volume Two; in fact, their proce- 
dures are identical. Only the ref- 
erence designs and sensitivity 
data have increased severalfold, 
making these tools much more 
versatile. 

Without question, the quality 
and quantity of information pre- 
sented should prove to be highly 
valuable and useful. However, 
because both Volume Two and 
Volume Three must be used si- 
multaneously, it is easy to see that 
Volume Three is essentially an ex- 
tension of Volume Two. It is un- 
fortunate that the wealth of infor- 
mation provided is awkwardly con- 
tained in two separate volumes. 
This disorganization yields a cum- 
bersome process which is poten- 
tially high in frustration for the 
user. It will, sadly, dissuade many 
people from making full use of Vol- 
ume Three. No matter how com- 
plete or important information 
might be, if it is not easily and read- 
ily accessible and retrievable, it will 
not be fully utilized. In its own 
right, Volume Twoisstill a valuable 
and useful document. Designers 
may, for the time being, opt to use 
it instead of Volume Three, that is, 
until Volume Two and Three are 
consolidated into one package. 
When this happens, the informa- 
tion can then be conveniently 
used, and designers will begin to 
realize its fullest potential. 


Thus, this review of Volume 
Three can be concluded much 
like the previously mentioned 
review of Volume Two: let us 
hope that a revised, consolidated 
edition with a clearer format and 
better organization will be pre- 
pared soon. O 
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bviously, this is a very 
important book. A prod- 
uct of the prestigious Los 


Alamos group and successor and 
companion to the trail-blazing 
Volume Two of 1980, it is compul- 
sory reading for all designers of 
passive solar houses. Despite 
some weaknesses, it has great 
strength. 

What is the book really about? 
The title, Passive Solar Design 
Handbook, is of little help; it is 
much too broad. What the authors 
have focused on are several short- 
cut methods of predicting the auxil- 
iary heat need of relatively straight- 
forward kinds of passively solar 
heated houses. Mainly they deal 
with direct-gain and sunspace de- 
signs. 

Two methods are expounded: an 
annual method, which is very sim- 
ple but not especially accurate, 
and a monthly method, which is 
more complicated and more accu- 
rate. Using either method, the de- 
signer first mentally divides the 
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proposed house into a solar part 
(south part, with big windows) and 
a nonsolar part (north part with 
some windows). The designer then 
specifies the south part’s window 
area in some detail but specifies for 
the north part just its general heat- 
loss property. 


What does the annual method 
consist of? Here is a highly simpli- 
fied summary. The designer speci- 
fies, for the proposed house and 
the proposed locality, the type of 
passive solar system to be used (di- 
rect gain, for example). He or she 
then (1) chooses a value of heat- 
loss rate of the nonsolar part of the 
house, (2) chooses a value of glaz- 
ing area of the south part, (3) takes 
the ratio of these two values (load 
collector ratio, or LCR), (4) finds, 
by reference to an Appendix F ta- 
ble, the “solar savings fraction” 


that is pertinent to this ratio and 
this type of solar system and this 
locality (all based on Los Alamos 
experimentation and computer 
calculations), and (5) performs a 
simple multiplication—and the an- 
swer is in hand: an estimate of the 
annual auxiliary heat need. The 
task was simple: the behind-the- 
scenes complications of climate, 
sunshine, and so on have all been 
taken care of by hard work at Los 
Alamos and the distilled wisdom 
incorporated in the pertinent 154- 
page table. Values are presented 
for 214 locations, and the method 
can be adapted to any location for 
which there is weather data. 

What about the monthly meth- 
od? The designer starts off as be- 
fore—finding the heat-loss rate of 
the nonsolar part of the house, 
choosing a value of glazing area of 
the south part, and determining the 
load collector ratio. Then, for each 
month the designer (1) finds, from 
tables, the amount of solar radia- 
tion incident, the amount that ac- 
tually enters the south part of the 
house and is absorbed there, and 
the amount absorbed per degree 
day, (2) consults graphs and finds, 
for the given amount absorbed per 
degree day, the solar savings frac- 
tion, and (3) from this, using arith- 
metic, determines the monthly 
auxiliary heat need for the particu- 
lar month. Adding the values for 
each month, again the answer is 
revealed: the annual auxiliary heat 
need. 


The book includes a supple- 
mentary tour de force: aset of sev- 
eral hundred graphs that show the 
designer the consequences, in re- 
gard to thermal performance, of 
each main type of design change. 
For nearly any change possible in 
building shape, orientation, and so 
on or in the glazing (area, orienta- 
tion, number of glazings, and so 
on), the designer can find, rough- 
ly, the thermal consequences. In 
summary, the designer can obtain 
directly information on hundreds 
of specific designs and can find in- 
directly, via these sensitivity graphs 
(about 1,100 curves), information 


on thousands of slightly varied 
designs. 

All this for nearly any climate 
and any latitude in the U.S. and 
Canada! And all this with no need 
for a computer, no need for hard 
thought! 

Can a book that has such 
strengths also have serious weak- 
nesses? It can and it does. Notice 
first that the book does not deal 
with passive solar design in gener- 
al, but only with minimizing the 
wintertime auxiliary heat need. 
The subject of summertime cool- 
ing is ignored; the authors merely 
suggest that when the design is es- 
sentially complete, a suitable num- 
ber of shades, vents, and controls 
be added. But, in fact, should not 
the cooling problem be tackled 
from the outset as an integral part 
of the design problem? Is it right to 
relegate the problem to a choice 
of add-ons? 

Other ignored topics are: room- 
to-room uniformity of tempera- 
ture (fans can help but the word 
“fan” does not appear in the 
book!), humidity control, glare in 
sunspaces, adequacy of east, west, 
and north window areas for view, 
daylighting, cross ventilation in 
summer, strategies relating to base- 
ments, attics, and vestibules, the 
threat posed by radon in houses 
that have large areas of exposed 
concrete, the nuisance of operat- 
ing thermal shades twice a day, use 
of special absorbing or reflecting 
films on windows, and tax benefits. 


The book contains detailed dis- 
cussions of only two kinds of pas- 
sive designs: direct-gain and sun- 
space. If one is interested in 
Trombe-wall designs or indirect- 
gain designs, one must consult the 
(almost inscrutable) preceding vol- 
ume. 

Little mention is made of one of 
the most promising kinds of direct- 
gain passive solar houses: the su- 
perinsulated house which has prov- 
en so successful in Saskatchewan 
and elsewhere and which uses 
only about $100 worth of auxiliary 
heat per winter and keeps cool in 
summer. The word “superinsu- 
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ated” does not appear in the book. 
In fact, not even the word “‘insula- 
tion” is in the index, even though 
Chapter Two, authored by Bal- 
comb, is a lengthy dissertation on 
the need for energy conservation 
first, including a calculation pro- 
cedure to optimize the balance of 
south glass with conservation. In 
general, the authors appear more 
interested in large solar windows 
than in the potentialities of very 
high quality insulation—perhaps 
because they reside in a state that 
has a lot of sunlight and little cold 
weather. 

The writing, usually of high qual- 
ity, is sometimes heavy and awk- 
ward. Ponderous and unclear terms 
are used. Take, for example, “solar 
load ratio.” Might not a solar de- 
signer reasonably assume that “‘so- 
lar load” is a load imposed in 
summer by excessive solar heat- 
ing? What the authors mean is a 
ratio of winter month solar energy 
input to heating load. 


The fact that the book deals 
mainly with two methods is not 
stated clearly at the outset. No- 
where are the two methods given 
unique names, and nowhere are 
they adequately compared and 
contrasted. A casual reader might 
assume that there is just one gen- 
eral method or perhaps as many as 
six (If asked to name the six, the 
reader might reply “BLC, SLR, LCR, 
annual, monthly, and sensitivity.”’) 
Only gradually does the actual 
scope of the book come into 
focus. 

Some key quantities are poorly 
defined. Some are defined several 
times and in contradictory ways. 
The reader never feels sure where 
to draw the line between “south 
portion” and “nonsouth portion.” 
| suspect that the authors also are 
unsure. The reader is uncertain as 
to what “projected area of south 
solar aperture’ means. Is the area 
projected onto a vertical south-fac- 
ing plane or onto a vertical plane 
that is parallel to the lower edge of 
the aperture—a southwest-facing 
aperture, for example? A glossary 
is included and is helpful, but 


some of the definitions are inept or 
wrong. Key symbols are nowhere 
listed and defined systematically, 
nor are they included in the glos- 
sary or index. 

Surprisingly, the book makes 
virtually no mention of design 
analysis work done elsewhere in 
the world. If dozens of architects 
and engineers in the U.S., Canada, 
and elsewhere have worked on 
passive solar calculations, if several 
groups in universities and in the 
building industry have helped in 
the evolution of successful passive 
systems and have published arti- 
cles and books on the subject, you 
would never learn about them 
here! The authors treat the Los 
Alamos methods in strict isolation. 

Ultimately, two interrelated ques- 
tions must be raised concerning 
this book: Are its “short-cut” meth- 
ods actually so time-consuming 
and complicated that a designer 


might do better to bite the bullet 
and employ a computer program? 
Will experts view the book’s meth- 
ods as too oversimplified for their 
purposes, while nonexperts find 
them too cumbersome and com- 
plex? 

Despite its drawbacks, the ap- 
pearance of this book is a big 
event. It Contains enormous im- 
provements over the preceding 
volume, not the least of which is 
the first-rate 35-page index to both 
Volumes Two and Three. The book 
is a must for passive solar de- 
signers. O 





Editor’s note: Since writing his re- 
view, Dr. Shurcliff has continued to 
study and comment on Volume 
Three. He now proposes to authora 
“Simplifying Guide” to what he calls 
“the world’s most important book 
on passive solar heating calcula- 
tions.” 
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Daylighting 


assive 82 continued the for- 
Pins introduced last year at 
the Portland conference, 
treating daylighting as a separate 
topic in both conference activi- 
ties and in the Proceedings. This 
position reflects the increased at- 
tention given within ASES to day- 
lighting design as an energy-con- 
serving strategy in commercial 
buildings. 
The majority of the 12 papers 
included in the daylighting sec- 
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tion of the Passive ’82 Proceed- 
ings outlines efforts to develop 
design and calculation proce- 


dures, including mainframe and 
microcomputer evaluation meth- 
ods, rules of thumb, graphic 
methods, and correlation meth- 
ods for producing daylight avail- 
ability data. Case studies of cur- 
rent building projects and a dis- 
cussion of basic design principles 
are also featured. Surprisingly, 
one of the papers in this section 
does not address daylighting is- 
sues at all and seems to have 
been placed here by mistake. 


An intriguing look at how the 
next generation of daylighting 
design tools could evolve was 
provided by the papers focusing 
on mainframe computer analysis 
procedures. The power of these 
routines lies in their ability to di- 
rectly link daylighting perfor- 
mance and total building energy 
use. 

It is clear that computer rou- 
tines will be valuable in the de- 
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velopment of widely accessible, 
simplified evaluation procedures 
that can look at both the qualita- 
tive and quantitative issues in- 
volved with daylighting design. 
These include energy- and cost- 
related factors. A careful reading 
of the papers, however, shows lit- 
tle agreement among authors as 
to the nature of asound technical 
basis for such procedures, bring- 
ing the real usefulness of some of 
their results into question. 

In this regard, the set of tools 
currently under development at 
Lawrence Berkeley Laboratory 
stands as an example to the field 
(see The DOE-2 and SUPERLIGHT 
Daylighting Programs by Stephen 
Selkowitz, et al.) A great deal of 
planning has evidently been in- 
vested in designing these pro- 
grams to avoid most of the ob- 
vious limitations shared by the 
current group of procedures and 
to ensure that their capabilities 
can be quickly upgraded as more 
flexible routines are developed. 

It is encouraging to note that 
the factors limiting the applica- 
bility of these procedures are 
under active review, with most of 
the researchers intending to 
make suitable revisions as re- 
quired. We may eventually have 
a selection of extremely capable 
research and design procedures 
at our disposal. 

In the meantime, someone in- 
terested in using any of these 
procedures should read the pa- 
pers in the Proceedings carefully 
to determine whether or not a 
particular procedure is currently 
able to provide meaningful re- 
sults based on his or her specific 
needs. 

Apart from design tools re- 
search, the use of an occupant 
survey to obtain the specific re- 
actions of a daylit building’s users 
to the daylighting design fea- 
tures, as reported in User Inter- 
action With a Daylighting System 
by Walter F. Roberts, Jr., repre- 
sents a step forward in the valida- 
tion of current daylighting de- 
sign practice. The conclusions of 
this paper help to place the role 


of calculation methods and de- 
sign tools in proper perspective 
and present a set of considera- 
tions rarely addressed in the lit- 
erature on daylit buildings. This 
paper serves as a useful counter- 
point to the other interests ad- 
dressed in this section. It is unfor- 
tunate that a copy of the original 
survey was not included with the 
paper. 

The individual papers in the 
daylighting section of the Pro- 
ceedings generally do a good job 
of reporting on the work they 
represent, being reasonably well 
written and candid in matters of 
detail. As a group, however, they 
are too few and too narrow in 
their interests to constitute a 
comprehensive summary of ef- 
forts in the field. This is in the na- 
ture of conference proceedings. 
In addition, they give regrettably 
little attention to the role of day- 
lighting design within the con- 
text of the architectural design 
process. 

When taken with the technical 
uncertainties mentioned above, 
this selection of papers would 
provide little help to a designer 
trying to select from the options 
presented the most useful design 
tools and procedures for his or 
her situation. This condition is as 
much an expression of the real 
state of the art in daylighting de- 
sign as it is of the interests of the 
individual authors; the field lacks 
a comprehensive statement of 
purpose that identifies an agreed 
upon set of issues and priorities 
for both researchers and de- 
signers. 

At this point in the develop- 
ment of daylighting as a separate 
concern—almost a specialization 
—in the design of energy-effi- 
cient buildings, a dialogue be- 
tween the users and developers 
of design tools would benefit 
both groups. As ASES takes a 
more active role in guiding re- 
search efforts, it may move to 
include sections in its Proceed- 
ings that present statements of 
the concerns of the field and ul- 
timately its mandate. This infor- 


mation would help to focus the 
efforts of research groups at a 
particular point in time, and in- 
crease the value of these docu- 
ments to ASES’ constituency as 
a whole. O 





Performance Monitoring 


erformance evaluation is the 
Pp critical feedback loop in the 
continuing development of 
passive systems. Twenty-seven pa- 
pers in these Proceedings address 
performance evaluation, and for 
twenty it is their primary focus. As 
a whole they represent signifi- 
cant progress in answering the 
question “‘How well does it 
work?” 
While general instrumentation 
and monitoring techniques for 





Blair Hamilton is technical coor- 
dinator for the Memphremagog 
Group of Newport, Vermont. 





passive systems are not ad- 
dressed, a few excellent papers 
examine specific instrumentation 
techniques, including direct mea- 
surement of a passive collector’s 
energy balance, indoor air qual- 
ity measurement, and thermocou- 
ple mounting techniques. 

In contrast to this limited num- 
ber of papers on monitoring 
techniques, one topic is ad- 
dressed by no less than five pap- 
ers: the measured performance 
of thermosyphon systems. This 
exemplary collection of papers 
covers everything from  short- 
term, side-by-side tests to annual 
performance data from thirty- 
eight similar systems in the field. 

In a distinct improvement over 
previous Proceedings, only a 
handful of the performance pa- 
pers deal only with short-term, 
limited data from a single build- 
ing. While such short-term mea- 
surement of a few performance 
variables can provide valuable 
feedback to that building’s de- 
signers, it is seldom very useful to 
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a wider audience. Gone are the 
graphs of inside-versus-outside 
temperature for a few days; in 
their place are reports of monthly 
and annual energy balances. Few- 
er variables are calculated; more 
are measured. 

Three of the papers present de- 
tailed, but generalizable levels of 
performance for specific build- 
ings. Even more significant are 
the results from several multiple- 
building programs in systematic 
performance evaluation of pas- 
sive systems. Final results from 
the Class C noninstrumented per- 
formance evaluation program are 
reported for 335 passive solar 
homes. A utility reports on long- 
term performance of four passive 
and four reference homes, and 
another paper covers seasonal 
performance of ten various pas- 
sive homes monitored through 
the National Solar Data Network. 
Preliminary results from the na- 
tional Class B level of perfor- 
mance evaluation leave one eager 
for more data from more sites. 
And it appears that this, and 
more, is coming. 

While a great deal of useful in- 
formation is included in these 
Proceedings, indications are that 
within the next two years we will 
see the results of extensive moni- 
toring programs only described 
in these papers. For significant re- 
sults on manufactured buildings, 
commercial buildings, and more 
than a handful of Class B sites, we 
will have to wait a little while 
longer. O 





Cooling 


he technical papers ad- 
TT siesing cooling in the 

Proceedings of the Seventh 
National Passive Solar Confer- 
ence spana broad spectrum of 
quality, usefulness, and subject 
matter. Like the conference itself, 
there has been simultaneous 
movement in two directions: 
technological sophistication and 
a nuts-and-bolts, backyard pas- 


sive approach. Fortunately, the 
quest forsimple passive cooling 
panaceas has given way to an ap- 
preciation of the limitations of 
thermodynamics and climate. 
Only in a few geographic areas of 
the country do purely passive 





Donald W. Abrams has his own 
energy consulting firm in Atlanta. 
He is currently assisting Georgia 
Power Company with the investi- 
gation of sprayed roof cooling 
systems and ice-storage systems, 
as well as writing a book on cool- 
ing energy conservation for hot, 
humid areas. 





radiative, evaporative, and diur- 
nal cycle cooling systems provide 
a complete solution to cooling 
needs. Elsewhere, particularly in 
the Southeast, climate conditions 
and latent loads dictate the use of 
mechanical equipment and auxil- 
iary energy input to meet mod- 
ern cooling standards. 

The majority of the Knoxville 
cooling papers recognizes the 
complexity of the problem and 
presents integrated approaches 
combining building load reduc- 
tion, passive systems, and con- 
ventional cooling systems or me- 
chanical devices. More than half 
of the authors provide the reader 
with useful information taken 
from actual buildings and exper- 
imental systems. Included are 
hollow-core concrete-slab circu- 
lation systems, radiant panels, 
roof ponds, ice systems, and resi- 
dential designs. 

Fundamental cooling issues re- 
ceive an additional bit of much- 
neededattention. Of particular 
interest is the discussion of sum- 
mer aperture shading and passive 
system glazing areas by Simin- 
ovitch, Bergeson, and McCulley. 
Through BLAST simulations, the 
annual heating and cooling 
energy consumption resulting 
from south-facing glazed areas 
and common shading and insu- 
lating devices is demonstrated. 
However, the authors neglect 


one important conclusion of 
their work: the minimal, but com- 
monly overestimated, value of 
overhangs in blocking summer 
solar gains. Although design tools 
are still being developed to calcu- 
late overhang geometry to two 
decimal places, the typical de- 
signer still mistakenly assumes 
that an overhang provides nearly 
complete summer shading. 
While improving winter heating 
performance, many passive solar 
designs have resulted in summer 
discomfort and energy consump- 
tion disasters. 

Radiative cooling systems re- 
ceive goodtreatment, ranging 
from a time-consuming, but ef- 
fective, site cooling potential 
evaluation method to a roof- 
pond design methodology to ap- 
plication simulations. An exper- 
imental assessment of radiative 
cooling potential in Atlanta 
demonstrates a usable, but not 
independently adequate, source 
of cooling. Two useful night sky 
irradiance models are presented 
and compared to measured data 
in another of the series of cooling 
research publications from Trini- 
ty University. A second Trinity 
paper proposes several interest- 
ing low-energy cooling systems 
and includes an excellent list of 
references of recent work ona 
variety of cooling topics. 


Several Knoxville papers suffer 
fromalack of thorough review 
and editing. Grammatical and 
typographical errors, gross errors 
in citing references, and format 
shortcomings are obvious prob- 
lems throughout many confer- 
ence publications. A more tho- 
rough technical evaluation, 
though difficult and certainly 
more expensive than the present 
volunteer system, would un- 
doubtedly improve both the 
quality of the information pres- 
ented and the clarity of its pres- 
entation. The editors of the Pro- 
ceedings express similar con- 
cerns in their Foreward. With 
aratherstaticresource available 
for presentation of information 
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and a growing volume of report- 
able work, selectivity and im- 
proved quality are essentialtoa 
more effective role for future 
passive conferences and ASES. 

For the individual looking for 
guidance in cooling-design deci- 
sions, asearch of the Proceedings 
isboundtoresultin frustration. 
The basic issues of heating/cool- 
ing balance and cooling load 
minimization through building 
design and internal gain control 
need further attention, not from 
a research standpoint, but from 
an information availability and 
applications standpoint. A com- 
pilation and analysis of the exten- 
sive work done by Trinity Univer- 
sity, the Florida Solar Energy 
Center, and the now-defunct 
regional centers would be inval- 
uable to the design and construc- 
tion community. Designers and 
building clients continue to call 
for case studies of successful 
projects. 


Great progress has been made 
in the past few years, but the re- 
sults need to be unified and re- 
fined. Significant contributions 
by passive cooling systems will 
not occur in the near future. 
While the technology may exist 
in some cases, much develop- 
mental work remains to be done. 
In the meantime, more conven- 
tional alternatives for cooling 
energy savings are quite viable 
and need to be presented to the 
building industry. In many cases, 
the application of good, funda- 
mental design principles, simple 
ventilation, and efficient and 
properly sized conventional me- 
chanical systems can reduce the 
cooling energy consumption to a 
level where the savings incentive 
for further investment is quite 
small. 

Contrary to the optimistic con- 
clusion of one paper, passive and 
alternative cooling systems are 
not currently “easily retrofitted.” 
Despite the enthusiasm and ob- 
vious need to reduce cooling 
energy consumption, we must 
avoid false starts and dead ends 


which will ultimately slow the 
overall progress of design and 
building improvements. O 





Design Tools 


he 22 papers in the Design 
‘| and Simulation section 

of the Proceedings of the 
Seventh National Passive Solar Con- 
ference indicate that some pro- 
gress has been made in developing 
tools which designers can actually 
use. Fourteen papers either report 
on projects which will result ulti- 
mately in such tools or present de- 
sign tools not seen previously. The 
other eight concentrate, for the 
most part, on improving main- 
frame simulators. 

Although some steps forward 
are demonstrated by the presenta- 
tions, no great strides are evident. 
For example, even though a num- 
ber of the papers deal with heating 
design calculations, most still do 
not take into account the cooling 
load impact of passive solar heat- 
ing techniques. Indeed, the state 
of the art for design tools is such 
that a designer still must use a 
number of different tools to get a 
complete heating, lighting, cool- 
ing, and ventilation picture of a 
project. 

The subjects taken up in the 22 
papers are quite diverse, ranging 
from such design tools as builder 
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guidelines to national climate zone 
characterizations. While such a 
broad range of topics is a plus, the 
inability to focus on a specific au- 
dience is not. Any single reader 
probably would find the section 
incoherent as a whole. 

The overall aim of this collection 
is to develop simpler methods of 
manipulating design parameters. 
In what is almost a model presenta- 


tion of rules of thumb, David 
Zimmerman of the Tennessee Val- 
ley Authority clearly provides guide- 
lines which allow a regional de- 
signer to quickly determine all key 
design parameters for an attached 
sunspace (insulation levels; ther- 
mal-storage, vent-area, and venti- 
lation-fan sizing; and glazing size, 
orientation, and slope). Unfortu- 
nately, cooling load impact is not 
considered in depth, a bother- 
some omission considering the 
hot, humid climate of the south- 
eastern United States. 


In an elegant presentation of 
sensitivity curves for the evaluation 
of direct-gain systems in the north- 
western United States, Dean Heer- 
wagen and his colleagues at the 
University of Washington studied 
the behavior of total annual energy 
consumption rather than heating 
energy alone. Reasoning that the 
base case is not the conventional 
R-13 insulation, but rather asuper- 
insulated residence, they used a 
simulator (HOUSE, derived from 
UWENSOL) to develop § annual 
heating loads for the superinsu- 
lated reference case. Surprisingly, 
the reference heating load was 
found to be zero. Thus, the result 
of their work is a series of curves 
relating annual cooling loads to 
the load collector ratio (LCR) and 
to the mass-to-glazing ratio. In 
general, the authors found that the 
passive house had higher cooling 
loads, but that by using extra shad- 
ing and an economizer cycle, a 
cooling load of zero could be ob- 
tained. They plan to investigate 
other climates and different pas- 
sive configurations. 


The trend toward simpler ap- 
proaches is apparent in all three 
papers on climate issues. Each 
treats a different aspect of climate 
effects on design. Brandt Anders- 
son, William Carroll, and Marlo 
Martin of Lawrence Berkeley La- 
boratory use four, simple measures 
of climate—base 65°F (18.3°C) 
heating and cooling degree days, 
average annual solar availability, 
and total annual latent-energy 
hours—to attempt to construct 
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population-weighted climate groups. 
Although the authors clearly are 
still feeling their way, in this first 
progress report they raise interest- 
ing points concerning the estab- 
lishment of similar climate groups 
based on what is amore complete 
set of indicators than just tempera- 
ture and solar data. They divide the 
U.S. into 5, 11, and 24 similarity 
zones, depending on the number 
of climate variables allowed. Their 
GLOM program appears to be a 
worthwhile first step toward re- 
ducing the weather data base re- 
quired for the study of significant 


portions of U.S. population centers. 


In a paper dealing with micro- 
climate data, Edward Arens and 
Lawrence Flynn of the University 
of California, Berkeley and Davis, 
report on a computer program in- 
tended to simplify the process of 
producing extremely site-specific 
weather data from hourly weather 
tapes which may not be truly de- 
scriptive of the design site. Their 
work is still in an early stage, but 
since Arens’s developed version of 
ADJUST at the National Bureau of 
Standards is the basis for it, the in- 
vestigation should ultimately pro- 
vide useful data. The program at- 
tempts to construct a locally accu- 
rate, hourly tape by taking into 
account local monthly averages 
for temperature, humidity, solar 
radiation, and wind. Other site 
conditions such as altitude, cloud 
cover, and surface roughness can 
also be used. Although this work 
cannot be put to use at present, it 
may ultimately produce improved, 
highly localized climate data in sit- 
uations where the microclimate is 
sufficiently different to warrant it. 


The third paper on climate, by 
Vivian Loftness of Carnegie-Mel- 
lon, has immediate applicability 
for designers. It describes a series 
of 15 graphic, climate “exercises” 
which they can perform for pro- 
jects under design. The exercises 
appear to force designers to de- 
velop visual images of site condi- 
tions. For those who relate best to 
visuals, these methods seem to be 
quite useful. 


William Wray and colleagues at 
Los Alamos National Laboratory 
and the Naval Civil Engineering 
Laboratory present what appears 
to be an important simplification 
of the solar load ratio (SLR) meth- 
od. While compiling a solar de- 
sign manual for the Navy, they 
developed the fast solar load ratio 
(FSLR) method: a fairly simple re- 
lationship between the annual 
heating load and asingle, month- 
ly heating load. By calculating the 
minimum monthly SLR and using 
a graph with two fudge factors, 
the annual heating and auxiliary 
loads are obtained. Although the 
authors do not provide an exam- 
ple which details the method, 
they do present one which shows 
the form of the calculations, and 
the FSLR appears much simpler 
than the monthly SLR approach. 
Because the FSLR allows for cor- 
rection of glazing azimuth and in- 
ternal gains (by using variable 
degree base data), it is more gen- 
eral than the LCR, hence a poten- 
tially useful adjunct to other Los 
Alamos methods. Unfortunately, 
the FSLR requires fudge factors 
which are climate- and passive- 
system-dependent, and the read- 
er will have to contact Los Alamos 
to obtain the complete 209 loca- 
tion tables. Also, the calculation 
of cooling loads is not discussed. 


Simulation workers will want to 
be aware of anew TRNSYS module 
for sunspaces, a packaged simula- 
tor named GERT which can be 
used to describe social scale energy 
networks and systems, a report on 
the performance of Los Alamos 
test cells for 1980 through 1982, a 
description of the early stages of 
the Class A field data collection 
and data analysis program, a com- 
parison of DOE 2.1 and the solar 
savings fraction (SSF) method 
(which shows consistent differ- 
ences in results), and a finite dif- 
ference model for steady-state 
ground losses.. The building simu- 
lation papers are like their design- 
tool counterparts in that they 
present more developments and 
refinements, but set forth no defin- 


itive accomplishments or major 
breakthroughs in their field. 

The single microcomputer pro- 
gram described in this section of 
the Proceedings is a progress re- 
port from Brandt Andersson of 
Orinda, California. His joint effort 
with Swedish workers on Micro- 
computer Energy Programs for 
Architects (MEPA) is intended to 
result in a designer-oriented pro- 
gram. Comparisons with BLAST 
simulations caused a number of 
revisions in MEPA, which now 
appears near release. 

A single paper in this vital area 
is not representative of work go- 
ing on in the field right now. It is 
something of a puzzle that An- 
dersson’s is the only paper in mi- 
crocomputer development in this 
section of the Proceedings. 

Two notably simple, useful, and 
handy tools are presented. John 
Moore of Salt Lake City extends 
work he originally performed at 
Los Alamos and shows an easy way 
to obtain the maximum possible 
system productivity from the mys- 
terious “D”’ factors in the second 
volume of the DOE Passive Solar 
Design Handbook. Moore ex- 
plains how a designer can learn, by 
a quick calculation, the best possi- 
ble performance a specific system 
can be expected to produce. Inthe 
early stages of design, this could 
help eliminate uneconomical pas- 
sive systems. Jeffrey Yago of Bar- 
boursville, West Virginia, tabulates 
vertical wall shadow factors in a 
form which will be useful for some 
designers. Although the trigono- 
metric relationships drawn upon 
are well known and although the 
tables presented do not cover all 
possible cases, when the need 
arises, these tables will be handy. 


The papers in the Design Tools 
and Simulation section discussed 
here are representative of the con- 
siderable work taking place in the 
development of passive design 
tools. Nonetheless, the somewhat 
inconsistent organization of the 
conference sessions might cause 
some design-tool advances to be 
overlooked; both the Cooling and 
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the Daylighting sessions contain 
papers on design tools specific to 
those areas. Overall, however, the 
Proceedings provide a clear pic- 
ture of the diversity of work now 
underway. O 





Emerging Architecture (EA) 


n Kansas City at the Fourth Na- 
| tonal Passive Solar Confer- 

ence in October 1979, Emerg- 
ing Architecture sessions were 
first offered. During the precon- 
ference programming this topic 
was almost eliminated: the tech- 
nical reviewers questioned the 
sessions’ merit and technical con- 
tribution. Fortunately, a number 
of thorough papers were pre- 
sented in a series of special ses- 
sions, and nearly 50, brief, one- 
paragraph descriptions “‘sneaked”’ 
into the Kansas City Proceedings. 

Since the Fourth, Emerging Ar- 
chitecture has become one of the 
most well-received subjects at 
passive conferences and has 
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gained an equal billing in the 
conference Proceedings with the 
other published specialized top- 
ics. 
In its brief history, just what has 
emerged in emerging architec- 
ture? 

The Knoxville Emerging Archi- 
tecture papers show a wide range 
of architectural exploration in 
contrast to the more singular, 
small-scale approach of earlier 
years, and they show it in much 
more detail. This is the strength of 
passive architectural design as ev- 
idenced, in part, by this year’s 
Emerging Architecture contribu- 


tions. Of many thematic areas of 
interest, a few are summarized 
below. 

Building types/scale. It is re- 
freshing to see aredirection from 
the somewhat exclusive study of 
single-family residences as a “‘test 
tube” scale to that of larger, more 
complex buildings. Of the 16 
Emerging Architecture papers in 
the Knoxville Proceedings, nearly 
one-half deal with issues and 
concerns other than single-fami- 
ly houses. In addition, many of 
the papers on single-family resi- 
dences exemplify a more ad- 
vanced design awareness than 
those of earlier years. 


Vernacular. The quest for “true 
regionalism” continues. Although 
not “emerging” in the strictest 
sense, R. Peter Wilcox’s excellent 
paper, ‘“Shakertown: Sun-Light 
and Sun-Order in Kentucky Com- 
munitarian Architecture,” ex- 
plores historical precedent: it 
elaborates on a celebrated and 
spiritual basis of Shakertown life- 
style, suggesting “possible new 
meanings for the term ‘solar ar- 
chitecture.’ ’’ Sam A. Cravotta’s 
paper describes the revitaliza- 
tion of sun porches, a traditional 
building style, in the Shenandoah 
Valley of Virginia. Cravotta men- 
tions that the new sun porches 
incorporate, among other things, 
“design innovations.” Unfortu- 
nately, his examples fail to illus- 
trate anything fresh. The paper 
deals with a good topic but does 
not provide enough quality and 
depth for a national conference. 


Materials. As new, alternative 
materials are developed, an in- 
creased variety of building solu- 
tions and expressions becomes 
possible. In their paper, “The MIT 
Crystal Pavilion,” Timothy E. John- 
son and Brian Hubbell describe 
one new expression as they re- 
port on an all-glass demonstra- 
tion building annexed to MIT So- 
lar 5. The new materials evaluated 
are a phase-change storage mate- 
rial and a copper, tin-oxide-coat- 
ed, Argon-filled double glazing. 
They conclude that “the building 


can provide 100% solar heating 
during most winter periods” and 
that “north facing apartments 
could be solar heated.” They also 
suggest that, in urban settings, 
such special glazing, sometimes 
known as Heat Mirror, could 
outperform an opaque north wall. 
Very interesting! Weren’t we once 
professing that each face of a 
building should respond appro- 
priately to its particular orienta- 
tion and that north walls should 
have little or no glass? One 
wonders what architectural and 
thermal freedom new materials 
might offer. 


Systems/techniques. Daylight- 
ing hardly raised an eyebrow with 
the Emerging Architecture pa- 
pers, although another whole 
section of the Proceedings is de- 
voted to the topic. But the use of 
photovoltaics for electrical gen- 
eration was discussed and dem- 
onstrated. One paper by Steven J. 
Strong and another by Richard 
M. Sibly and Jon F. Rubel are two 
good beginnings, but more are 
needed. Fred S. Dubin’s paper, 
“Department of Justice Office 
Building, Sacramento, California,” 
evaluates a 380,000 ft? (35,300 m2?) 
building designed to a building 
load of 38,000 (380,000 in the text) 
Btu/ft? yr (120 kWh/m7/ yr). This 
paper does a good job of sum- 
marizing the thermal, energy, 
and economic merits of several 
design and mechanical (nonpas- 
sive) techniques. Curiously, this is 
the only paper that fails to in- 
clude any drawings, sketches, or 
photographs—vital in describing 
architectural concepts. 

Architectural synthesis. The di- 
versification and exploration of 
various specialized topic areas are 
important for continued growth, 
yet so is the required synthesis. 
An overall weakness of the 1982 
Emerging Architecture papers is 
their inability to evaluate and in- 
tegrate thermal and nonthermal 
issues as they relate to the design 
process and product. Analysis 
methods used as design tools and 
systems evaluation techniques 
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warrant more discussion. Equally 
important are how various ther- 
mal/energy decisions affect and 
are affected by other nonthermal 
design components: social, behav- 
ioral, societal, structural, environ- 
mental, psychological, physiologi- 
cal, and visual-consideration, just 
to name a few. Fortunately, a few 
papers begin to address some of 
these issues, but not enough. 





Good, commonsense architec- 
ture requires properly balanced 
solutions that solve all design 
problems in an integrative fash- 
ion. Optimal thermal expression 
and resolution at the expense of 
occupant comfort and delight re- 
sult in a design failure, just as a 
poor energy solution does. Clear- 
ly, the design professions have 
come a long way in a short peri- 
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Masonry Association, 1982. $22.45 


GPO Item 061-000-00525-1. 584 pp. Feb. 1981. $18.00. 


he preface to the Passive So- 
T lar Construction Handbook 

says it is “intended to help 
provide the building industry 
with a starting point for develop- 
ing standard and accepted con- 
struction practices for passive 
residences.” 


This bulky, loose-page, three- 
ring binder notebook may be a 
starting point, but, for the 
amount of effort expended and 
bulk of material produced, it is 
disappointingly little more. 


The book is quite impressive in 
its crisp graphic content, but 
weak in overall organization and 
direction. It is terribly redundant, 
presenting countless permuta- 
tions of basic masonry and solar 
collector details. At the same 
time, the crucial detailing issues 
one faces in passive solar con- 
struction are not discussed. 
Rather than presenting new in- 
formation or at least a thorough 
assessment of existing guidelines, 
this book presents confusing 
information, much of which is so 
incomplete, erroneous, or out- 
dated that the unassisted use of 
the book by the passive solar 
novice could produce disastrous 
results. 

A major portion of this volume 
falls under the heading ‘“‘construc- 
tion,” which is neatly subdivided 
into three generic passive system 
types: ‘‘direct gain,’ “thermal 
storage wall,’ and ‘‘attached 
sunspace.’’ Unfortunately, an 


elaborate system of subheadings 
designed to accommodate future 
pages makes the format confus- 
ing. 

Each section begins with a de- 
scription of the system type and 
general guidelines for its use. This 
is followed by pages featuring 
graphic cross sections of a wall, 
floor, or roof assembly on the 
front and construction notes on 
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the back. The interface of these 
various assemblies with other 
structural or building compo- 
nents is displayed in the follow- 
ing subsection entitled “details,” 
again containing pages of 
graphics with ‘‘construction 
notes,” on the back. At the end of 
each generic section are several 
case studies of entire house 
designs. 

The introduction to each main 
section contains rules of thumb 
for sizing the area of collector or 
heat storage mass. These guide- 
lines do not take into account 
that the selection of a passive 
solar construction detail is often, 
in itself, the most important deter- 
minant of the required solar 


od, growing out of infancy and 
into adolescence. Many of the 
projects described in the Knox- 
ville Proceedings illustrate how 
various design approaches have 
become not necessarily more 
complex, but more sophisticated. 
Still, there is a long way to go be- 
fore energy issues are approp- 
riately represented on the archi- 
tectural palette. O 


collection area. As a result, the 
tables as presented without fur- 
ther information are inaccurate 
and inappropriate. 

For example, arule of thumbin 
the section on thermal storage 
walls states: “In general, the far- 
ther north the building is located, 
the larger the Thermal Storage 
Wall system should be.” A table is 
presented then with recom- 
mended ratios of Trombe wall to 
floor area for climates with 5°F 
variations in average winter tem- 
peratures, the colder climates 
and higher latitudes requiring a 
larger ratio. The amount of win- 
ter solar radiation in a climate is 
ignored in this table. 

Applying this rule of thumb 
without careful attention to other 
important determinants of the 
building’s thermal performance, 
namely, the building’s overall 
heat-loss coefficient and the glaz- 
ing, selective, surface, or night 
insulation characteristics of the 
Trombe wall assembly, will yield 
disastrous results. Trombe walls 
generally show a diminishing yield 
per square foot as one moves 
north. To compensate for this 
lower yield by constructing larger 
Trombe wall areas is a very limited 
approach which rapidly becomes 
self-defeating. 

Furthermore, as important as 
selective film might be to the per- 
formance of an indirect-gain wall 
(equivalent in many climates to 
R-9 night insulation), it is hardly 
mentioned in the entire volume. 
In a brief paragraph about 
selective films, they are proposed 
as ‘‘another possible finish.” 
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The construction portion of 
this volume is quite disappoint- 
ing in the amount of real informa- 
tion it contains. The graphic cross 
sections have very simple notes 
identifying the material only, and 
any further information is refer- 
enced in the notes on the back of 
the page, for example, “Con- 
crete (see note 5), Blocking, Sub- 
floor (see note 6)... .” The ac- 
companying notes contain infor- 
mation that is either obvious to 
anyone in the design and con- 
struction field orso ambiguous as 
to be useless. The note, “All foot- 
ings must bear on undisturbed 
soil,” appears at least 58 times on 
the back of 58 separate pages. At 
the same time, essential informa- 
tion regarding the details on 
these pages is totally missing. 

For example, one might be de- 
signing awood-supported, brick- 
paver floor for heat storage in a di- 
rect-gain space. When sup- 
porting rigid and brittle mater- 
ials, such as brick and mortar, 
with a wood system which is in- 
herently flexible and resilient, 
potential cracking of the mortar 
joints is a serious concern. Turn- 
ing to page 3.1172, one finds a 
section drawn through a wood- 
supported, brick- or CMU-paver 
floor. The construction notes 
suggest “consideration must be 
given to the additional weight of 
the masonry when selecting and 
sizing the floor joists.”’ ““Consid- 
eration to the additional weight” 
is again the recommendation for 
the subfloor note. 

Still wondering about potential 
cracking, one reads the note on 
the “‘setting bed.” Three recom- 
mendations are offered: setting 
the pavers in type N mortar, set- 





Editor's note: A new revised edition 
of the Passive Solar Construction 
Handbook is in preparation by Ro- 
dale Press for publication in Sep- 
tember 1983. The Rodale version 
will add details of new systems and 
bring to date material from the first 
edition. Hardbound, it will be amore 
compact volume than the original 
reviewed above. 


ting them in a dry cement/sand 
grout that is wetted after the 
pavers are laid, or laying them 
without mortar. The graphic de- 
tail shows the brick laid in a simi- 
lar manner to thin set tile which 
requires a resilient epoxy or latex 
grout. To lay the floor mortarless 
will eliminate the joints and any 
subsequent cracking problems, 
but to lay the floor as drawn with 
type N mortar is asking for 
trouble. 

The notes also say, “Care must 
be taken to maintain continuous 
thermal contact between units to 
ensure optimum thermal perfor- 
mance.”’ How can this be ensured 
when the bricks are laid without 
mortar? And why should this mat- 
ter when they are individually 
charged and discharged from the 
top? 

Insulation is another incom- 
plete area. One finds notes such 
as: “Insulation levels in floors and 
walls must meet or exceed the 
requirements of local building/ 
energy codes,” or “Consult insu- 
lation manufacturer for recom- 
mended installation methods.” It 
would be most unwise to turn to 
local building codes for insula- 
tion specifications in passive solar 
buildings, given that most codes 
require minimal levels and do not 
address installation methods 
when multiple layers are used. 

The last portion of the book 
contains asection on “‘Materials”’ 
which has several useful charts 
and tables on the properties of 
concrete, brick, concrete mason- 
ry units, glazing materials, and 
sealants. A discussion of the cri- 
teria for material selection in pas- 
sive solar systems is included in 
this section, the type of discus- 
sion that could be very useful. 
However, the discussion gets 
bogged down in weak writing. 


At the end of the materials sec- 
tion, we find a paragraph typical 
of this entire piece of work: “It 
must also be noted that little doc- 
umentation is available regarding 
the thermal performance of var- 
ious types of mortar which can be 


used in brick construction. There- 
fore, when conducting a thermal 
performance analysis, it is recom- 
mended that a brick installation 
be considered solid brick without 
any mortar joints at all. This is 
equivalent to assuming that mor- 
tar will exhibit the same thermal 
performance characteristics as 
the brick itself.” 

Consistently relying on old and 
incomplete information to tackle 
passive solar detailing issues, the 
notebook advises we ignore an 
obvious flaw in an analysis meth- 
od. We have no reason to expect 
that mortar has the same thermal 
characteristics as brick. It may 
well be more similar to that of 
concrete. Disregarding the ther- 
mal properties of mortar is prob- 
ably allowable for most simple an- 
alyses, but why recommend this 
method when its precision is 
unproven? 

Instead of recommending 
methods with obvious flaws and 
omissions, this handbook would 
do better to present simply the 
current wealth of knowledge on 
passive solar construction. 

The challenge in preparing a 
construction handbook is sorting 
through extraneous information 
and construction experiences to 
present only the most meaning- 
ful and useful information to prac- 
titioners in a condensed and ac- 
cessible format. With under- 
standing and a proper discussion 
of current construction methods 
combined with an awareness of 
the other issues one faces in con- 
struction, architects and builders 
will develop their own methods, 
standards, and accepted practices. 
The Passive Solar Construction 
Handbook makes only the small- 
est start in that direction. 0 





Editor’s note: The definitive edition 
of William A. Shurcliff’s A/r-to-Air 
Heat-Exchangers for Homes is the 
1982 version, not the 1981 which 
was reviewed in the Journal (vol. 
1, no. 3, summer 1982). It is pub- 
lished by Brick House Publishing 
Co., 34 Essex Street, Andover, 
Mass. 01810. The price is $12.95. 
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